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The  optical  properties  of  phosphors,  such  as  the  optical  energy  gap,  absorption 
coefficient,  refractive  index,  complex  conductivity  and  complex  dielectric  function 
provide  fundamental  information  which  is  necessary  for  their  applications.  There 
are  many  ways  reported  in  the  literature  to  determine  the  optical  properties  of  thin 
films  from  reflectance  and  transmittance  data.  The  classical  oscillator  method  was 
used  in  this  work,  since  this  method  provided  good  values  of  optical  constants  from 
experimental  data.  The  reflectance  and  transmittance  of  single  films  and  of  multilayer 
films  deposited  on  a thick  substrate  were  measured  over  a wide  frequency  range,  and 
fit  simultaneously  with  the  same  parameters. 

The  first  material  studied  was  single  crystals  of  undoped  and  blue-light-emitting 
cerium  doped  CaGa^S,.  Polarized  optical  reflectance  measurements  were  taken  over  a 


frequency  range  from  30  cm-'  to  45000  cm-1.  The  cerium  doped  CaGajSa  is  isotropic 
due  to  its  polycrystalline  nature,  whereas  the  uudoped  single  crystals  exhibits  a very 
strong  anisotropy  in  optical  properties  for  light  polarized  parallel  and  perpendicular 
to  the  c axis.  CaGasSa  is  a direct  bandgap  material  with  a bandgap  of  4.08  eV. 

The  optical  properties  of  amorphous  and  polycrystalline  thin  films  of  Ce:CaGasSa 
deposited  on  a glass  substrate  were  determined  by  fitting  both  the  reflectance  and 
transmittance  spectrum.  The  band  gap  of  the  polycrystalline  thin  films  (4.08  eV) 
was  higher  than  that  of  the  amorphous  thin  films  (3.61  eV)  with  a corresponding 
lower  refractive  index  (2.013  versus  2.172  at  25000  cm-1).  An  increase  in  scattering 
in  the  far  infrared  absorption  (100  cm-1  to  500  cm-1)  was  observed  for  granular 
polycrystalline  thin  films  compared  to  that  of  the  single  crystals. 

The  optical  properties  of  as-deposited  and  annealed  Ce:SrS  thin  films  were  also 

bandgap  material  with  a bandgap  of  4.28  eV.  Finally,  the  optical  properties  of  a device 
structure  consisting  of  layers  of  indium  tin  oxide,  alumina-titania,  and  Ce:CaGaaSa 
or  Ce:SrS  were  studied.  In  order  to  model  the  reflectance  and  transmittance  of  the 
device  structure,  the  reflectance  and  transmittance  of  all  the  intermediate  layers  were 
measured  and  the  optical  constants  were  determined.  The  bandgap  of  the  device 
structure  was  determined  to  be  that  of  the  layer  which  had  the  lowest  bandgap. 

: measurements  performed  on  these  phosphors  showed  that  they 
en  excited  with  UV  photons. 


i light  whe 


CHAPTER  I 
INTRODUCTION 

This  dissertation  describes  a detailed  study  of  tbe  far  infrared  through  the  ultra- 
violet optical  properties,  of  wide  hand  gap  alkaline  earth  sulphide  phosphors.  The 
dissertation  concentrates  on  investigations  of  single-domain  crystals  of  CaGagSs-f 
GajSs,  a cerium  doped  polycrystalline  CaGa2Sr  + GA2S3  single  crystal,  as  well  as 
thin  films  and  devices  based  on  Ce:CaGa2S<  and  CerSrS.  Measurement  and  analysis 
of  optical  transmittance  and  reflectance  as  a function  of  the  incident  photon  frequency 
(w)  was  performed.  Much  effort  in  this  work  has  been  devoted  to  studies  of  phonons, 
the  refractive  index  in  the  visible  region  and  the  band  gap  of  the  material. 

The  luminescence  of  rare-earth  ions  in  a sulphur-dominated  lattice  has  received 
considerable  attention,  since  these  ions  substitute  for  the  alkaline  earth  ions  in  the 
host  lattice,  resulting  in  phosphors  that  luminesce  strongly  under  ultraviolet  rays.1 
Phosphors  consist  of  a host  material  and  a light-emitting  dopant  called  an  activator. 

emit  light  without  losing  its  energy  non-radiatively.  The  activators  dominate  the 
optical  emission  properties  of  the  phosphor  layer  and  the  host  material  dominates  the 
electrical  properties  of  the  phosphor  layer. 


The  ratio  of  the  radiative  an 

luminescent  materials  it  is  necessary  to  suppress  the  non-radiativc  process.  Good 
crystallinity  of  phosphor  materials  insure  that  the  excited  luminescent  centers  release 
their  energy  through  a radiative  process.4  High  temperature  anneals  are  needed  to 
restore  the  high  degree  of  crystallinity.  Semiconductors  with  fairly  wide  bandgaps  of 
3.5— 4.5eV,  must  be  used  as  the  host  material,  so  that  the  system  consisting  of  a host 
lattice  and  the  activator,  can  emit  visible  light  without  significant  absorption. 

Thin  film  electroluminescent  displays  are  the  most  reliable  and  longest  lasting 
flat  panel  display  technology  on  the  market.  A thin  film  is  a layer  with  parallel  faces 
whose  thickness  d is  comparable  to  the  wavelength  A of  the  electromagnetic  radiation 
it  receives.  The  optical  properties  of  thin  films  deposited  on  a thick  substrate  can 
provide  information  on  both  the  device  and  material  characterization.  For  example, 
the  frequency  position  of  the  interference  minima  and  maxima  depend  on  the  film 
thickness  and  the  refractive  index.  Adjusting  the  film  thickness  is  an  important  part 
of  tuning  the  optical  characteristics  in  the  visible  region. 

Several  methods  are  generally  used  to  determine  the  complex  refractive  index 
and  the  layer  thickness  of  the  thin  films.  Some  of  these  methods  use  transmittance 
at  normal  incidence  (unpolarized  light).5'®  Others  use  transmittance  and  reflectance 

binations  of  them.11'14  Determination  of  optical  constants  proceeds  by  analysis  of 
reflectance  and  transmittance.  Approaches  vary  from  turning  point  methods  that 
deal  only  with  minima  to  maxima,  to  continuous  curve  analysis  that  examine  all  the 
data. 

The  frequency  dependent  real  part  of  complex  conductivity,  Oi(fat),  and  the  real 
part  of  complex  dielectric  function,  «l(w),  are  directly  connected  to  the  absorptive 


ersive  nature  of  a material.  In  the  zero  frequency  limit,  (?]  (0)  is  the  ordinary 
dc  conductivity  and  «j(0)  is  the  static  dielectric  constant.  ffi(w)  and  «i(w)  cannot  be 
measured  directly.  Therefore  <r,( ai)  and  <i(u)  are  calculated  from  the  complex  index 
of  refraction  IV (w),  which  is  determined  experimentally  by  measuring  the  reflectance 
and  transmittance  as  a function  of  the  energy  of  the  incident  light  radiation.  These 
quantities  provide  information  on  the  propagation  of  radiation  and  on  the  electronic 

Motivation 

The  work  discussed  in  this  dissertation  was  motivated  by  several  goals.  The  study 
of  the  optical  properties  of  the  phosphor  materials  is  very  useful  for  the  design  of  thin 
film  electroluminescent  (TFEL)  displays  with  optimum  brightness.  The  brightness 
of  the  emitted  light  depends  on  the  thickness  of  the  phosphor  layer.  Minimization  of 
absorption  and  scattering  of  emitted  light  by  phosphor  particles  must  be  considered  in 
determining  the  optimum  thickness  of  the  phosphor  layer.  To  maximize  the  emitted 
light,  the  internal  reflections  should  be  minimized.  The  internal  reflection  is  a function 
of  the  refractive  index  of  the  host  material,  and  hence  the  critical  angle  9.  Light 
incident  at  angles  larger  than  9 are  reflected  back  into  the  phosphor  and  is  seen  as 
light  piping.16  This  light  trapping  decreases  the  external  luminescence  efficiency. 

The  absorption  should  be  very  low  in  the  visible  region,  so  that  the  light  emitted 
is  not  absorbed  in  the  material.  For  the  phosphor  host  materials,  absorption  is  very 
low  between  the  fundamental  absorption  edge  and  the  restrahlen  region.  However 

sorption  bands,  which  would  significantly  reduce  the  light  output  from  these  films. 

erties  of  the  phosphor  materials.  Such  characterization  is  a necessary  preliminary  for 
the  investigation  of  electroluminescence 


The  value  of  the  optical  constants  and  the  film  thickness  obtained  depend  on  the 
method  used  and  the  model  assumed  for  the  film.17  Values  of  film  thickness  obtained 
by  weighing  and  polarimetric  methods  using  oblique  incidence  are  inaccurate  since 
the  method  of  determining  thickness  may  involve  systematic  errors.7  The  measured 
thickness  is  taken  as  the  true  thickness  although  inaccuracies  as  high  as  5%  to  10%  arc 
usually  obtained.  The  general  problem  in  determining  the  thin  film  optical  constants 
is  inversion,  i.o.,  finding  the  index  of  refraction  and  thickness  of  a given  film  that  brings 
predicted  reflectance  and  transmittance  in  agreement  with  the  measured  reflectance 
and  transmittance.  The  algebraic  expressions  needed  for  prediction  can  be  extremely 
complicated  even  for  the  simplest  thin  film  configuration.  Hence  numerical  solutions 
to  the  inversion  problem  are  regarded  as  both  practical  and  necessary.  ' ' ' 

All  these  numerical  schemes  require  an  estimate  or  guess  of  the  desired  optical 
constants  as  a starting  point  in  the  search  routine.  Inconsistency  in  the  values  of  the 

and  reflectance  in  relation  to  the  unknowns,  there  are  often  multiple  values  of  the 
refractive  index  and  extinction  coefficient  that  give  the  same  values  either  for  the 
reflectance  or  transmittance.*'70'71  Moreover,  there  may  not  be  a solution  in  some 

The  motivation  for  doing  this  research  is  to  overcome  these  difficulties,  so  that 
the  phosphor  materials  can  be  characterised  better.  The  difficulties  were  overcome 
in  the  present  study,  by  a combination  of  two  approaches.  First,  the  reflectance  and 
transmittance  were  measured  over  a wide  range  of  frequencies,  from  the  far  infrared 
to  the  ultraviolet.  By  extending  the  measurements  to  the  ultraviolet,  valuable  infor- 
mation about  the  electronic  transitions  and  energy  levels  is  obtained.  By  measuring 
down  to  the  infrared,  reflectance  and  transmittance  were  fitted  independently  using 


aalyzes  the  whole  spe 


aiders  the  dielectric  function  as  a sum  of  damped  oscillators.  This  method  provides 
the  best  measurement  of  the  optical  properties  of  the  film.  In  contrast  to  the  other 
methods,  there  is  no  requirement  for  an  initial  guess  solution,  and  there  are  no  missing 
solutions.  The  multiparamcter  curve  fitting  methods  further  provide  the  advantage 
that  the  measurement  and  the  fit  need  not  extend  beyond  the  spectral  range  of  inter- 
est, unlike  the  case  of  Kramers-Kronig  analysis,  where  the  single  bounce  reflectance 
needs  to  be  known  at  all  frequencies,  which  is  very  difficult  to  handle,  since  the  prob- 
lem of  averaging  the  phase  shift  due  to  imperfect  geometry  becomes  evident.  However, 
for  samples  with  very  strong  absorption  behavior,  application  of  curve  fitting  methods 


The  host  materials  studied  here  were  calcium  thiogallate 
sulphide  (SrS),  and  zinc  sulphide  (ZnS).  Luminescent  centers 
materials  were  different  due  to  differences  in  energy  band  struct 
als  and  the  luminescent  centers.  For  calcium  thiogallate  and  ! 


(CaGajS,),  strontium 
suitable  for  these  host 


Cerium  activated  calcium  thiogallatcs  luminesce  in  the  blue  spectral  region.  Cal- 
cium sulphide  (CaS)  has  a bandgap  of  4.8  eV  while  gallium  sulphide  also  possesses 
a relatively  large  bandgap  of  3.31  eV,  and  is  transparent  in  the  visible  region  of  the 
spectrum.1  Cerium  compounds  exhibit  valences  of  cither  +3  or  +4  with  the  +4  state 
no  longer  having  a 4f  occupation.  The  final  state  reached  by  electron  emission  or 
excitation  exhibits  a multiple  peak  structure  due  to  4f°-,  4f'-,  and  4f“-  derived  states, 
from  which  it  has  been  inferred  that  the  initial  state  also  has  a intermediate  valence 
character. Cerium  has  a valence  of  +3  and  CaGajSc  is  composed  of  +2  valence 


i achieve  charge  compensation  by  forming 


defects  which  leads  to  reduced  phosphor  performance. 

SrS  (na-VIb  compound)  thin  films  are  also  promising  host  materials  to  produce 
color  thin  film  EL  devices.27,28  Rare-earth  ions  can  be  used  as  the  activator  for  these 
materials.  However,  their  luminance  level  and  EL  efficiency  are  marginal  for  practical 
use,  especially  for  blue  colors.  To  overcome  these  problems,  multilayered  thin  films  of 
(SrS:Co/ZnS)«  «*  made  use  of,  which  helps  in  improving  the  performance  of  color  EL 
phosphors.28  For  thin  films  of  ZnS,  problems  encountaed  are  low  solubility  of  rare 
earth  ions  into  ZnS  lattice  and  concentration  quenching.  For  SrS  thin  films  chemical 
instability  due  to  its  hydroscopic  nature  is  a major  problem. 

The  general  advantages  of  using  various  multilayer  structure  are 

2.  suitable  host  lattice  for  rare-earth  ions  other  than  ZnS, 

3.  enhancement  of  energy  transfer  probability  from  electron-hole  pairs  to  lumi- 

All  the  above  phosphor  materials  find  application  in  thin  film  electrolumines- 
cent (TFEL)  displays. Electroluminescent  displays  (ELD)  can  be  classified  as  light- 
emitting,  totally  solid  state  fiat  panel  displays.  Compared  with  a light  emitting  diode 
(LED),  an  ELD  is  larger  and  is  easier  to  view.  The  cost  per  pixel  is  lower.  Areas 
that  need  improvement  are  color  displays,  large  multipixel  displays,  light  emitting 
efficiency  etc,51  In  flat  panel  displays,  light  is  emitted  following  application  of  an 
electric  field  to  a thin  film  phosphor  that  is  deposited  onto  a glass  substrate  or  trans- 
parent film.  They  are  rugged  and  easy  to  handle  and  have  been  implemented  as 
planar  light  sources  or  graphic  displays.  ELDs  have  already  had  great  impact  and 
also  have  future  growth  potentials. 
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of  electroluminescence,  the  principles  of  operation  of  the  thin  film  electroluminescent 
displays,  and  other  physical  properties  of  the  phosphor  materials.  A brief  theoretical 
background  for  the  understanding  of  the  fundamental  and  physical  properties  of  a 
thick  crystal,  and  of  thin  films  on  thick  substrates  is  presented  in  Chapter  III.  A 
description  of  the  experimental  techniques  along  with  the  instrumentation  used  in 
this  investigation  is  done  in  Chapter  IV. 

The  results  and  discussion  pertaining  to  anisotropy  between  the  ab-plane  and 
c axis  optical  measurements  of  CaGaiSj  crystal,  and  optical  and  photoluminescent 
properties  of  Ce:CaGa2St  phosphors  are  presented  in  Chapter  V.  Chapter  VI  describes 
the  optical  properties  of  thin  films  of  amorphous  and  polycrystalline  Ce:CaGajS4 
deposited  on  a glass  substrate,  and  compares  these  values  with  that  of  the  single 
crystals.  Optical  properties  of  devices  based  on  CaGajS,  thin  films  are  presented  in 
Chapter  VO.  Chapter  VIII  contains  the  results  for  the  optical  properties  of  Ce:SrS 
thin  films  and  the  influence  of  annealing  on  the  optical  properties  of  the  material,  as 
well  as  optical  properties  of  Cc:SrS  device  structure.  Summary  and  conclusions  are 
given  in  chapter  IX. 

Appendix  A contains  far  infrared  optical  properties  of  LiAlO?  and  LiGa02,  which 
are  possible  substrates  for  depositing  gallium  nitride  thin  films,  and  appendix  B 
contains  the  optical  and  photoluminescent  properties  of  Mn:ZnS  deposited  on  glass 
substrate.  Appendix  A and  B present  results  measured  on  samples  which  were  not 
included  in  the  text  of  this  dissertation. 


CHAPTER  H 

ELECTROLUMINESCENT  PHOSPHORS 


Electroluminescence  is  defined  as  the  light  generated  by  a phosphor  under  the 
influence  of  an  electric  field.  Electroluminescence  (EL)  can  be  either  injection  elec- 
troluminescence or  high  field  electroluminescence.  In  injection  electroluminescence, 
light  energy  is  released  upon  recombination  of  minority  and  majority  carriers  across 
the  band  gap  in  a single  crystal  solid,  which  is  the  basis  of  diodes  and  diode  lasers. 

centers  by  charge  carriers  which  have  been  accelerated  by  high  electric  fields  within 
the  solid.  The  electric  fields  needed  are  of  the  order  of  1 MV/cm.32 

High  field  EL  systems  are  categorized  into  two  groups:  powder  samples  or  thin 
films.  They  may  be  excited  rather  by  AC  or  DC  voltages.  This  variety  of  EL  de- 
vices arises  from  different  means  of  achieving  the  high  field  and  protecting  the  device 
from  destructive  avalanching  currents  produced  by  the  high  field.  Extremely  high 
luminance  and  long  lifetime  are  the  advantages  of  the  film  structure  over  the  pow- 
der structure.  The  most  stable  thin  film  devices  utilize  high  quality  dielectric  layers 
on  both  sides  of  the  phosphor  to  limit  avalanche  currents.  Therefore  these  devices 
mast  be  operated  with  AC  drive  voltages,  which  also  provides  longer  lifetime,  greater 
power  efficiency,  greater  brightness,  and  currently,  increased  capability  to  provide 

layer  for  contrast  enhancement.33  Direct  matrix  addressing  is  possible  due  to  the 
highly  nonlinear  luminance  versus  applied  voltage  for  thin  film  EL.  This  chapter 
concentrates  on  AC  driven  TPEL  systems  (ACTFEL). 


Historical  Survey 

EL  phenomenon  was  first  discovered  by  G.  Destriau  of  FVance  in  1936  in  Cu:ZnS. 

efforts  to  apply  EL  to  lighting.  During  the  1950s  and  1960s  extensive  research  was 
carried  out  to  fabricate  EL  displays  using  phosphors  made  by  fusing  Cu:ZnS.  These 
devices,  based  on  powder  phosphors,  were  intrinsically  unstable  and  had  limited  life- 
time and  low  brightness.  It  has  been  reported  that  in  deteriorated  cells,  the  brightness 

Thin  film  ACEL  were  first  suggested  by  Halsted  and  Koller  in  1954. 37  Transparent 
thin  film  phosphors  were  made  in  1934  by  DeBoer  and  Dippel”  and  the  first  thin  film 
EL  phosphor  based  on  ZnS  was  devised  by  Thornton”  in  the  late  50s.  The  device 
lasted  only  for  a few  hours,  since  it  suffered  from  very  rapid  degradation.  Hence  this 

The  most  advanced  thin  film  devices  developed  for  display  application  is  the 
three  layer,  double  insulated,  AC  coupled,  ZnS:Mn  thin  film  device  first  developed  by 
Soxrnan'0  in  the  late  60s.  In  this  configuration,  which  is  shown  in  Fig.  2.1,  the  active 
light  emitting  layer  is  sandwiched  between  two  transparent,  high  dielectric  strength 

nance  over  50cd/ms  and  several  thousands  hours  of  life  was  reported  on  this  device. 
Since  the  rear  electrodes  were  reflective,  the  contrast  ratio  was  poor. 

It  was  suggested  that  if  the  rear  electrodes  could  be  made  transparent  and  bached 
with  a diffuse  black  material  or  if  the  second  dielectric  layer  were  to  be  made  highly 
absorbing,  the  unexcited  device  could  appear  black,  thus  providing  good  contrast 
in  high  ambient  illumination.  The  first  thin  film  EL  display  with  a black  layer  was 
produced  in  the  1960s  by  Soxrnan  and  Steel.31  Luminance  in  excess  of  160  cd/m3  was 
reported  on  these  samples.  In  1980,  Inogucln  et  al.  presented  data  on  a three  layer 
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thin  film  ZnS:Mn  EL  display  exceeding  10000  hours  of  life  at  340  cd/m2.44  Mito 
et  al42  presented  a second  paper  describing  the  reproduction  of  TV  imagery  on  a 
108x81  line  TFEL  panel,  which  did  not  include  a black  contrast  layer.  Because  they 
used  reflective  aluminium  rear  electrodes  with  a front  mounted  circular  polarizer  for 
contrast  enhancement,  the  visual  performance  was  marginal. 

Preparation  of  stable  thin  films  was  demonstrated  by  Suutola42  in  1980,  using 
the  atomic  layer  epitaxy  (ALE)  for  depositing  the  thin  films.  Very  good  quality  thin 
films  of  ZnS  having  uniform  structure  and  thickness  were  produced  by  the  Rohiya 
Company  in  Finland.  The  thin  films  were  produced  by  the  deposition  of  the  metal 
or  the  metal  compound  and  the  non-metal  or  the  non-metal  compound,  in  very  rapid 
succession.  The  compounds  reacted  immediately  on  the  surface  leaving  a perfect  sto- 
ichiometric compound.  Manganese  or  manganese  compounds  could  be  added  during 
the  deposition  of  ZnS  yielding  the  required  Mn:ZnS.  At  Osaka  University,  light  emis- 
sion of  red,  yellow,  green  and  blue  colors  were  obtained  by  controlling  the  voltage 

ticolor  displays.  Most  of  the  phosphor  candidates  for  the  multicolor  EL  displays  arc 
various  hosts  doped  with  rare  earth  elements.  Rare  earth  activated  EL  materials 
enable  the  utilization  of  sharp  intra  4f—  shell  emissions  and  activation  by  minority 
carriers  injection.  In  1994  Planar  Systems44  introduced  a full-color  ACTFEL  device. 

Principle  of  Operation 

A thin  film  electroluminescent  display  is  made  up  of  a sandwich  structure  of 
conductors  and  dielectrics  with  a luminescent  phosphor  in  the  center  as  shown  in 
Fig.  2.1.  The  thin  films  may  be  deposited  on  a glass  substrate  or  non— transparent 
silicon  substrate  and  viewed  through  an  indium  tin  oxide  transparent  conductor.  The 
phosphor  layer  is  sandwiched  by  dielectrics  with  high  electric  breakdown  strengths 
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followed  by  the  rear  conductor.  When  a high  electric  field  is  applied,  the  phosphor 
which  is  also  a dielectric,  breaks  down  into  avalanche  conduction  and  current  flows 
through  it  between  the  encapsulating  dielectric  interfaces.  As  the  charge  builds  up  on 
the  dielectric,  the  internal  field  in  the  phosphor  is  reduced  and  conduction  ceases  until 
the  field  is  reversed.  Thus  a pulsed  avalanche  conduction  of  the  phosphor  is  obtained 
for  each  field  reversal.  The  breakdown  in  the  phosphor  layer  is  initiated  by  electrons 
tunneling  out  of  dielectric/phosphor  interface  states  into  the  conduction  band  of  the 
phosphor  layer.  With  an  alternating  current  drive,  there  may  be  two  light  pulses  for 
each  cycle. 

The  semi  insulating  phosphor  layer  has  a narrower  band  gap  than  its  surrounding 
insulator  layers.  Applying  a voltage  across  the  device  raises  the  energy  of  electrons 
on  the  negative  side  and  reduces  the  electron  energy  on  the  positive  side  causing  a 

be  accelerated  downhill  resulting  in  current  flow,  but  there  are  too  few  electrons  in 
the  conduction  band  to  result  in  significant  current.  Increasing  voltages  steepen  the 
tilt  of  the  bands  until  the  barrier  between  these  interface  states  and  the  conduction 
band  becomes  sufficiently  thin  for  electrons  to  tunnel  through  the  barrier  into  the 
conduction  band.  They  enter  the  conduction  band  with  high  energy  and  are  further 
accelerated  by  the  field  until  they  are  sufficiently  energetic  to  impact  excite  the  acti- 
vator atoms  in  their  path.  The  build  up  of  electrons  at  the  positive  interface  reduces 

At  the  very  high  fields  involved,  the  electrons  excite  the  electrons  of  the  acti- 
vator atoms  to  high  energy  states  and  when  they  return  to  the  ground  state,  they 
give  off  photons,  ie.luminesce.  To  prevent  destructive  breakdown  under  normal  op- 
eration, the  encapsulating  dielectric  should  not  conduct 


t.  When  breakdo 
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in  the  encapsulating  dielectric  layers,  a destructive  runaway  current  flows  through 
the  entire  structure  and  the  stored  energy  from  the  surrounding  capacitance  can  dis- 
charge through  the  breakdown  area  causing  failure  of  the  layers  to  occur.  As  voltage 
is  gradually  applied  to  a newly  fabricated  display  panel,  minute  defect  areas  burn  out 
and  clear  themselves  leaving  barely  visible  dark  spots  in  some  of  the  display  element 
areas.46  In  properly  designed  and  fabricated  devices,  these  cleared  defects  are  stable 

Substrate 

The  major  properties  to  be  considered  for  the  substrate  are  surface  characteristics, 
chemical  composition,  stability  and  thermal  conductivity.  The  important  surface 
properties  are  flatness  and  micro-finish.  Coming  7059  have  surfaces  comparable  to, 

The  thin  films  used  in  ACTFEL  device  structure  are  often  deposited  on  transpar- 
ent substrates.  The  composition  of  the  substrates  depend  on  the  processing  temper- 
atures of  the  devices.  Coming  7059  glass  is  used  for  devices  processed  below  650°C 
due  to  its  low  cost  and  high  availability.47  For  phosphors  requiring  a high  anneal- 
ing temperature  in  excess  of  650°C  glass  ceramics  are  used  which  are  10  times  more 
expensive  than  Coming  7059  glass. 

Electrodes 

The  transparent  electrode  used  for  the  front  face  of  the  electroluminescent  panel 
is  indium  tin  oxide  (1TO).  The  high  transmittance  of  ITO  permits  viewing  of  the 
emitted  light.  ITO  is  deposited  on  a glass  substrate.  The  electrode  used  in  the  back 
face  should  have  a low  resistivity.  This  is  because  when  the  device  is  driven  at  high 
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speed,  the  speed  of  response  is  determined  by  the  product  of  the  electrode  resistance 
and  the  electrostatic  capacity  of  the  pixels.  Aluminium  is  commonly  used  as  the  rear 

high  electric  field  is  applied.48  The  contrast  of  the  display  is  affected  since  aluminium 
also  reflects  any  external  light  that  penetrates  into  the  device.  This  reflected  light 
can  be  suppressed  using  interference  filters. 


Insulators 

Insulators  should  have  a high  dielectric  constant,  high  electric  field  strength,  uni- 
form thickness  and  be  pinhole  free.  The  dielectric  constant  and  electric  field  strength 
are  inversely  proportional  to  one  another.  The  figure  of  merit48  of  insulator  materials 
is  the  product  of  dielectric  constant  and  electric  field  strength.  The  high  dielectric 
constant  materials  such  as  SrTiOj  and  PbTiOj  that  have  the  highest  figure  of  merit 
(19-25  pm/cm)  also  exhibit  propagating  breakdown47.  When  breakdown  initiates  in 
these  materials,  it  catastrophically  spreads  and  destroys  the  device.  Materials  with 
lower  dielectric  constant  and  lower  figure  of  merit  are  more  practical  for  EL  devices 
due  to  self-healing  breakdown  that  inherently  isolates  the  localized  breakdown  and 
prevents  catastrophic  failure.  Below  the  threshold  voltage,  which  is  defined  as  the 
maximum  voltage  which  marks  the  onset  of  Zener  breakdown  in  the  semiconductor 
phosphor,  the  applied  electric  field  drop  across  the  insulator  versus  the  phosphor  is 
given  by: 

e,E,  = ipEf  = e,£»  (1) 


represent  the  top  insulator,  phosphor  and  the  bottom  insulator,  respectively.  Since 
the  voltage  drop  across  each  layer  is  the  product  of  the  electric  field  and  thickness 


of  each  layer,  the  1 


voltage  drop, 


by  the  following 


V = E,d,  + Epdp  + Etdh  (2) 

where  d is  the  film  thickness.  The  dielectric  constant  of  the  insulator  should  be 
as  large  as  possible  and  the  thickness  as  small  as  the  device  reliability  will  allow 
in  order  to  m»v™»-  the  electric  field  across  the  phosphor.  As  the  insulator  film 
become  thinner,  the  pinholes  in  the  films  cause  localised  high-field  regions  that  result 
in  permanent  dielectric  breakdown.  Aluminium  oxide/titanium  oxide  can  be  used  as 
the  insulator  since  it  has  a high  dielectric  strength  and  reasonable  dielectric  constant. 
Other  dielectrics  with  higher  dielectric  constants  exhibit  lower  dielectric  strengths. 
Phosphor  layer 

Requirements  for  the  ACTFEL  phosphors  are  as  follows:50 

1.  Should  be  possible  to  excite  the  material  by  a high  electric  field  of  10*V/cm. 

2.  Behaves  like  an  insulator  below  threshold  voltage  for  luminescence. 

3.  Should  be  possible  to  dope  the  host  material  with  an  activator,  so  that 

4.  Should  be  possible  to  deposit  the  phosphor  in  thin  film  form. 

Either  the  red— green— blue  displays  (patterned  phosphor  structure)  or  the 
color— by— white  display  (patterned  filter  structure)  can  be  used  to  develop  a full 
color  ACTFEL  display.  For  the  red-green-blue  displays,  each  pixel  contains  the 
red,  green  or  blue  phosphor.  The  dopant/host  combinations  suitable  for  red,  green 
or  blue  light  are  discussed  below.  In  the  color— by— white  display,  each  pixel  has  a 
produces  white  light  that  is  filtered  by  a red,  green  or  blue  filter. 


phosphor  layer  that ; 


Yellow 


Monochrome  yellow-black  panels  based  on  Mn:ZnS  which  emits  yellow  light  was 
commercialized  in  1983.  Mn:ZnS  is  the  most  efficient  ACTFEL  phosphor  having  a 
luminous  efficiency  greater  than  5 lm/W.  High  solid  solubility  of  Mn2+  in  ZnS  is 
achieved,  since  Mn2+  ions  have  the  same  valence  and  a similar  ionic  radius.  Thus 
Mn2+  readily  substitute  for  the  Zn2+  ions,  without  the  need  for  charge  compensators. 
The  optimum  Mn  concentration  for  luminance  is  near  1 mol  percent.  For  higher  Mn2+ 
concentration  the  luminance  decreases  due  to  non-radiative  decay  paths  resulting  from 
Mn-Mn  interactions.  The  radiative  decay  time  of  the  Mn2+  emission  decreases  as  the 
number  of  non-radiative  transitions  increase  with  increasing  Mn2+  concentration. 
The  emission  spectra  of  Mn:ZnS  thin  film  deposited  on  a glass  substrate  is  shown  in 
Appendix  B. 

Eu2+  doped  CaS  and  Sm!+  doped  ZnS  were  studied  as  candidates  for  red  phos- 
phors.51-54. The  color  purity  of  both  the  phosphors  were  good,  but  the  brightness 
was  too  low  for  practical  use.  This  problem  was  solved  by  using  Cd(S,  Se)  filtered 
ZnS:Mn  emission.55’52  Using  the  CdS«Sei_,  thin  film  absorption  filter,  a luminance 
over  70  cd/ra2  has  been  reported  at  40  V above  threshold  and  a 60  Hz  drive  frequency. 
The  filter  layer  reduces  the  reflected  ambient  light  by  reflecting  only  red  wavelength 
light,  thus  increasing  the  contrast  ratio  of  the  red  pixels.  A contrast  ratio  of  10:1 
was  obtained  in  a 500  lux  ambient  for  a red  EL  panel  operating  at  60  Hz  without 
any  additional  filtering.  This  eliminated  the  use  of  a polarizing  filter  and  a contrast 
enhancing  black  layer.  The  luminance  and  chromatidty  depend  on  the  S/Se  ratio 
and  film  thickness. 


Blue 

TmrSrS  and  multi-layer  structures  of  (Tm:ZnS/ZnS)„,  (Tm:SrS/ZnS)„  and 
(Tm:ZnS/SrS)n  were  studied  as  possible  candidates  for  blue  phosphors”  The  EL 
luminance  of  these  phosphors  was  poor.  Ce:SrS  is  one  of  the  best  blue  phosphors 
which  has  a blue  green  emission.  Pure  blue  EL  omission  is  obtained  by  using  a blue 
filter.  But  80%-90%  of  the  original  luminescence  is  lost.  Even  with  this  loss  the 
luminance  level  is  better  than  Tm:ZnS.  It  has  been  reported  that  a post  deposition 
anneal  of  Ce:SrS  at  630°C  has  improved  the  luminance  considerably.5'  A luminance 
of  10  cd/m2  has  been  achieved  for  ZnS/SrS:Ce  multi-layer  phosphor  structure.59 

Tb:ZnS  is  the  brightest  and  most  efficient  green  phosphor.50  ALE  deposition  of 
Tb:ZnS  has  resulted  in  a phosphor  which  had  a luminance  of  70cd/m*  at  60  Hz.51  In 
Tb:ZnS,  TbI+  substitutes  for  Zu2+,  resulting  in  valence  mismatch  and  ionic  radius 
mismatch.  Therefore  Tb:ZnS  is  not  as  efficient  as  MmZnS.  By  introducing  oxygen 
and  fluorine  in  Tb:ZnS  the  device  performance  was  improved.52  This  improvement 
was  due  to  better  crystallinity,  which  resulted  in  a decrease  in  the  non-radiative 
recombination  sites. 


Other  Physical  Properties 

ZnS,  one  of  the  host  materials  used  in  this  study,  is  a II-VI  semiconductor  having 
a wurtzite  structure.  The  wurtzite  structure  is  a hexagonal  close  packed  lattice  and 
can  be  constructed  by  considering  two  interpenetrating  lattices.  The  nearest  neigh- 
bors and  the  next  nearest  neighbors  are  the  same  in  the  ideal  wurtzite  structure. 
The  lattice  parameters  of  ZnS  arc  a=3.814  and  c=6.257.  For  the  ideal  wurtzite  case, 
c/a=1.633.  For  ZnS,  c/a=1.64.  There  are  four  atoms  per  unit  cell,  and  since  the  vol- 


shown  in  Fig.  2.2  there  are  two  atoms  per  unit  cell  If  the  center  of  the  unit  ceU  is 
chosen  so  that  the  position  of  each  atom  of  the  first  type  moves  to  the  position  of  an 
atom  of  the  second  type  upon  spatial  inversion,  then  the  structure  factors  are  real. 
This  can  be  achieved  for  both  zinc  blende  and  wurtzite. 

The  band  structure  of  ZnS  is  shown  in  Fig.  2.3.  ZnS  has  a direct  band  structure.63 
The  3d  bands  of  zinc  fall  in  the  middle  of  the  sp  valence  band  manifold,  particularly 
in  the  hetero-polar  valence  band  gap.  The  conduction  band  minimum  at  the  T point, 
where  it  is  s*  like  comes  from  the  4s  wave-function  of  Zn  atoms.  The  valence  band 
maximum  at  the  V point  , where  it  is  p-  like  comes  from  the  3-p  wavefunction  of  S 
atoms.  The  occupied  Zn  3d10  level  is  located  at  about  7-8eV  below  the  valence  band 
maximum.  When  Mn  atoms  are  doped  in  the  ZnS  lattice,  the  Mn  3d5  level,  which 
is  the  ground  state  of  d-d  transitions,  lies  about  3-5eV  below  the  valence  band 
maximum.66  Therefore  the  3d5  electron  configuration  in  Mn2+  ions  is  well  localized 
and  then  isolated  from  the  band  electrons.  This  may  be  one  reason  why  the  MnJ+ 

The  rare-earth  (RE)  luminescent  centers  have  a stable  trivalent  state  (RE)36-. 
(RE)3+  ions  have  in  common  an  open  4f"  shell  which  is  screened  by  outer  electrons  in 
5s35p6  dosed  shells.  Hence  4f”  electrons  of  (RE)3+  ions  in  the  various  host  materials 
are  hardly  influenced  by  the  crystal  field.  (RE)3+  luminescent  centers  in  ZnS  offer 
a wide  variety  of  emission  colors  attributed  to  the  4fn  electron  configuration.63  But 
there  is  a large  difference  in  ionic  radius  and  chemical  nature  between  the  (RE)36* 
and  ZnJ+  ions.  Hence  solubility  of  (RE)3+  in  ZnS  is  low,  and  charge  compensation 
is  required  due  to  difference  in  valence  numbers. 
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The  ionic  radii  of  Ca2+  or  Sr2*  ions  are  considerably  greater  than  that  of  Zn2+ 
and  is  comparable  to  that  of  the  (RE)3+  ions.  The  chemical  nature  of  Ca2+  or  Sr2* 
ions  is  close  to  that  of  the  (RE)3+  ions.  The  alkaline-earth  sulphides  are  thus  preferred 
over  ZnS  for  rare-earth  doping.66 

SrS  has  an  indirect  band  structure  as  shown  in  Fig.  2.4b.  The  crystal  structure  of 
SrS  is  shown  in  Fig.2.  3.  The  conduction  band  minimum  at  the  X point  comes  from 
the  wave-function  of  unoccupied  4d  wave-function  of  the  Sr  atoms, which  is  therefore 
d-like.62  Just  like  ZnS,  the  valence  band  maximum  at  the  T point  comes  from  the 
3-p  wavefunction  of  S atoms.  When  Ce,+  centers  are  doped  in  the  SrS  lattice,  the 
4f  ground  state  level  lira  in  the  forbidden  gap  and  5d  excited  state  lira  fairly  close  to 
the  conduction  baud  minimum  at  the  X point.  Therefore,  it  is  expected  that  the  5d 
excited  state  of  the  Cc3+  centers  will  interact  well  with  conduction  electrons  and  the 
Ce3+  ions  are  impact  excited  by  the  electric  field.66  The  electroluminescent  spectrum 
of  SrS:Cc  device  shows  blue-green  color. 

Cerium  activated  CaGajSt  is  a bright  blue  phosphor  with  sufficient  color  purity 
and  stability  to  be  used  in  patterned  phosphor  full-color  TFEL  panels.  A luminance 
of  10  cd/m2  at  60  Hz  for  a sputter  deposited  Ce:CaGa2S4  was  reported.44  This 
luminance  level  was  adequate  to  use  this  phosphor  as  the  blue  component  of  an  RGB 
patterned  full-color  TFEL  panel. 

Calcium  thiogallatc  crystallize  in  the  orthorhombic  system  with  the  unit  cell  pa- 
rameters: a = 20.086A  b = 20.086A  and  c = 12.112A  and  a space  group  of  the 
orthorhombic  system  F ddd,  z = 32.  It  has  a band  gap  of  2.95  eV  and  a density  of 
3370  Kg/m.69  Studies  done  on  single  crystals™  show  that  CaGa2S4  is  isostructural. 
Roques  et.al.71  determined  the  atomic  positions  for  CaGajS4  using  single  crystal 
X-Ray  diffractometer  data.  The  calcium  atoms  are  distributed  on  three  different 
crystallographic  sites  8a,  8b  and  16c,  having  point  symmetr 
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low  density  planes  of  sulphur  atoms.  High  density  planes  containing  calcium,  gallium 
and  sulphur  atoms  are  interposed  between  the  low  density  sulphur  planes.71 
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Fig.  2.3.  Crystal  structure  of  SrS. 
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Fig.  2.5.  Crystal  structure  of  CaGajS4. 


CHAPTER  III 

OPTICAL  THEORY  OF  THIN  FILMS 

This  chapter  describes  the  theoretical  background  and  the  techniques  of  extract- 
ing the  optical  constants  of  single  layers  as  well  as  multi-layers,  from  the  measured 
reflectance  R(u>)  and  transmittance  7(w).  A review  of  the  techniques  generally  used 
in  obtaining  the  optical  constants  of  a thick  crystal  is  described  followed  by  the  oscilla- 
tor fit  method  that  was  used  in  this  study  to  obtain  the  optical  constants  of  thin  films 
on  a thick  substrate.  The  details  of  the  optical  measurements  and  the  experimental 
approaches  will  be  given  in  Chapter  IV. 

When  a beam  of  light  is  incident  on  a material,  part  of  the  beam  undergoes 
reflection,  part  is  transmitted  through  the  wafer  and  the  rest  of  the  beam  is  absorbed 
in  the  material.  Interaction  between  photons  and  electrons  or  the  crystal  lattice  take 
place.  The  nature  of  this  interaction  depends  on  the  spectral  composition  of  the  light 
and  on  the  band  structure  of  the  semiconductor.  When  the  incident  photons  interacts 
with  the  electrons  or  ions,  electronic  transitions  take  place  from  occupied  states  below 
the  Fermi  energy  (Ey)  to  unoccupied  states  above  Ey.  When  the  incident  photons 
interact  with  lattice  vibrations,  polariton  excitations  take  place. 

It  is  possible  to  uniquely  define  the  optical  properties  of  a given  system  by  the 
dielectric  response  function,  t(q#v),  which  relates  a driven  wave  of  polarisation  within 
the  solid  to  a driving  electromagnetic  wave.  The  dielectric  function  depends  sensi- 
tively on  the  electronic  band  structure  of  a crystal.  Studies  of  the  dielectric  function  by 
optical  spectroscopy  are  very  useful  in  the  determination  of  the  overall  band  structure 
of  a crystal.  In  the  infrared,  visible,  and  ultraviolet  spectral  regions  the  wavevector 


| of  the  radiation  is  very  small  compared  with  the  sha 


and  therefore  q may  usually  be  taken  as  zero. 


If  the  crystal  is  homogeneous,  isotropic,  linear,  and  local  in  its  response,  the 
dielectric  response  may  be  generally  characterized  by  a frequency-dependent  complex 
dielectric  function  e(w)  which  can  be  written  in  terms  of  its  real  and  imaginary  parts 


<(„)  = ei(w)  - iezM  = «.(«)  + (3) 

where  the  quantity  ei(w)  is  called  the  real  part  of  the  complex  dielectric  function 
and  o\  (u)  is  the  real  part  of  the  complex  conductivity.  At  zero  frequency  <i(0)  and 
o,(0)  becomes  the  static  dielectric  constant  and  the  dc  conductivity,  oic,  respec- 
tively.” The  dielectric  function  is  not  directly  accessible  experimentally  from  optical 
measurements.  The  directly  accessible  function  is  the  complex  refractive  index.™ 

By  definition  the  complex  refractive  index  N(u)  is  related  to  the  refractive  index 
n(w),  the  extinction  coefficient  k (w),  and  the  dielectric  function  c(w)  by 


»(«)  = n(a-)  + ia(M)  = v/^j.  («) 


The  real  part  of  the  complex  index  of  refraction  IV(w)  is  defined  as  the  ratio  of  the 
velocities  of  the  electromagnetic  wave  in  vacuum  and  in  the  material.  When  an 


electromagnetic  wave  travelling  through  medium  a is  normally  incident  on  medium 


b,  the  complex  amplitude  coefficients  of  the  rofle 


can  be  determined  from  the  following  equations: 


A'.-A't 
N.  + Nt' 


(5) 


IN. 

W.  + JV 
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Here  r(w)  is  the  complex  reflectivity  coefficient,  defined  as  the  ratio  of  the  reflected 
electric  field,  E,,  to  the  incident  electric  field,  E,,  and  t(w)  is  the  complex  transmission 
coefficient  equal  to  the  ratio  of  the  transmitted  electric  field,  Eit  to  the  incident  electric 
field,  £,.  Na  and  A'j,  are  the  complex  refractive  indices  in  medium  a and  medium 
b.  Since  light  is  usually  incident  from  vacuum  onto  a sample  surface,  JVa  = 1.  The 
power  (intensity)  reflectance  K(u)  is  then  the  measured  reflectance  which  is  the  ratio 
of  the  reflected  intensity  to  the  incident  intensity  and  is  given  by: 


(7) 


ed  reflectance,  77(w),  and  the  phase,  fl(w),  a 


by: 


V^e"  = i 


(1 + »>  + «' 


.(W).»d*(u,) 


(8) 


(») 


By  using  Krumers-Kronig  relations  the  real  part  of  the  response  of  a linear  pas- 
frequencies  and  vice  versa.  It  is  difficult  to  measure  the  phase  0(b>)  of  the  reflected 


e,  but  it  can  be  determined  using  the  Krai 


«(„)  = « J~ 

Integrating  eqn.10  by  parts,  the  following  equation  is  obtain 


.10  shows  that  far-away  spectral  regions 
rfi  is  flat  (dR,(w)/dw  a 0)  have 
..  11  can  be  inverted  to  obtain: 


«W-7 


l+fl.(u.)-2x/S^)cos«(o;) 

2y^Msinfl(u.) 


(13) 


l + fi,H-2%/R>)cos9(U) 

From  the  real  and  imaginary  part  of  the  complex  refractive  index,  all  the  other  optical 
constants,  namely  the  complex  dielectric  function,  <(w)  = <]  (w) + ieaOo),  the  complex 
conductivity,  <r(u)  = oi(io)  + itrj(w),  absorption  coefficient,  o(w),  sldn  depth,  i(u) 
and  the  loss  function,  -Im(l/c)  can  be  determined  from  the  following  equations. 

IIi(“)  = 2n*. 

<7i(ui)  = uia/4*. 

.,M  = U(1-.,)/4/t.  (14) 

-/mM  = -o(»)/(«?(«)  + «?("))• 

Eqn.10  shows  that  0 at  a single  frequency  must  be  determined  from  R,  at  all 
frequencies  and  vice  versa.  In  practice,  R,( w)  can  be  determined  only  over  a limited 
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frequency  range  uq  < u>  < uq.  Therefore  extrapolations  beyond  the  range 
experimental  data  must  be  made.  The  conductivity  at  frequencies  for  which  there  is 
actual  data  is  not  affected  significantly  by  the  choice  of  the  low  frequency  extrapola- 

For  conducting  samples,  a Hagen-Rubens  relation,75  R[u)  = 1 — 2^/w/2irei(0),  is 
used,  which  is  valid  in  the  far  infrared  region.  The  high  frequency  extrapolation  has 
significant  influence  on  the  results,  primarily  on  the  sum  rule  derived  from  the  opti- 
cal conductivity.  We  terminated  the  transform  above  6 eV  by  using  the  reflectance 
varying  as  1/ur4,  which  is  the  free  electron  asymptotic  limit. 

While  the  Kramers- Kronig  method  requires  that  the  transmittance  or  reflectance 
of  the  sample  be  known  for  a very  large  spectral  region,  curve  fitting  methods  provide 
the  advantage  that  the  measurement  and  the  fit  need  not  extend  beyond  the  spectral 
range  of  interest.  The  problem  is  that  usually  the  dispersion  relationship  of  the 
material  investigated  is  assumed  to  be  known.  For  samples  with  dispersion  and 
absorption  behavior,  the  application  of  curve  fitting  methods  is  very  difficult. 


>n  of  Reflectance  and  Trans 


The  refractive  index  N(u)  and  the  absorption  coefficient  a(u)  of  a thick  crystal 
an  be  obtained  by  measuring  the  overall  transmittance,  3,  and  reflectance,  St,  of 
lie  material.  For  normal  incidence,  the  equations  for  3,  and  X,  of  an  absorbing 
raterial  of  parallel  faces  with  thickness  x are  given  by  the  following  equations.7® 

1(1 -«.)*+«&  single-" 


3,  = 


|1  - R.e—'|2  + 4R,e-“  sin2 (9  + 0) 
|1  + 4rin Ve-"R, 


(15) 


* |1  - R.t-‘  I2  + 4R,e-«  sinJ(9  + 0) ' 

re  0 = nw/cx  and  R,  is  the  single  bounce  reflectance  given  by: 
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The  approximation  in  the  above  equation  holds  when  K = ca/ 2m  < n,  which  is 
the  case  for  weakly  absorbing  medium.  Equations  13  and  16  incorporate  interference 

fringes  are  averaged  out.  The  overages  can  be  found  by  integrating  Eqns.  15  and  16 
over  d/J,  which  then  reduces  to  the  following  form: 


d-fi,)V" 

l-BJe-*"  ' 


(18) 


*•  (i9) 
In  the  region  where  the  material  is  transmitting,  the  single  bounce  reflectance  i?s(u) 
is  calculated  using  equations  18  and  19.  This  data  is  then  combined  with  the  mea- 
sured reflectance  1l(u)  in  regions  of  no  transmittance,  yielding  the  single  bounce 
reflectance  over  the  whole  spectral  region.  Kramers-Kronig  analysis  of  this  single 
bounce  reflectance  spectra  will  yield  the  optical  constants  in  the  entire  frequency 


Absorption  Spectra 

Absorption  is  the  transformation  of  the  energy  of  the  light  field  into  other  forms  of 
energy  like  heat,  chemical  energy,  or  electromagnetic  radiation  which  is  not  coherent, 
and  generally  also  frequency  shifted  with  respect  to  the  incident  beam.  The  complete 
absorption  spectrum  will  contain  all  the  energy  transfer  mechanisms  that  result  from 
the  interaction  between  light  and  charges  contained  in  the  material.  Absorption 
processes  depend  on  whether  the  charges  are 

a.  tightly  bound,  eg.  the  inner  shell  electrons  of  the  lattice  ions  or  the  lattice 


> of  the  lattice  ic 
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c.  free,  eg.  the  conduction  electrons  in  a metal; 

The  presence  of  bound  electrons  and  ions  lead  to  narrow  absorption  peaks  in  the 
ultraviolet  and  infrared  regions  of  the  spectrum.  Absorptions  corresponding  to  ionic 
resonances  are  referred  to  as  rcstrahlen  absorptions.  Absorption  by  loosely  bound 
charges  results  from  interband  excitations.  It  can  only  occur  between  occupied  and 
unoccupied  states  of  energy.  This  fundamental  absorption  is  characterized  by  a very 
broad  spectrum  since  the  broad  energy  bands  give  a wide  choice  of  transitions. 

The  Lorentz  model  is  used  to  describe  the  bound  carrier  interband  transitions 
and  lattice  vibrations.  The  Lorentz  dielectric  function  cL  can  be  derived  by  assuming 
that  the  electrons  are  bound  to  their  cores  by  harmonic  forces  and  are  subjected  to 

by: 

where  u»j,  Upj  and  7 j are  the  resonant  frequency,  plasma  frequency  and  damping 
constant  of  the  j,h  Lorentzian  oscillator.  The  plasma  frequency  is  defined  by  uj,-  = 
4irJ VjeVm.-a,  where  N,  and  m,*  are  the  number  density  and  effective  mass  of  the 

the  contribution  of  the  jlh  oscillator  to  the  static  dielectric  constant. 

From  the  quantum  mechanical  point  of  view,  huj  is  the  transition  or  gap  energy 

carriers  or  the  energy  band  width  due  to  energy  uncertainties  in  the  initial  and  final 
excited  states.  The  oscillator  strength  in„  is  related  to  the  transition  probability. 

valence  band  and  the  conduction  band.  Each  material  is  characterized  by  an  energy 
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in  absorption.77  Below  this  energy  the  material  is  transparent,  until  the  infrared 
region  is  reached. 

The  free  electrons  in  a material  are  very  mobile,  interacting  readily  with  an  inci- 
dent electromagnetic  wave.  Their  motion  depends  on  the  lattice  structure  and  may 

the  light  and  hence  absorption  occurs,  which  increases  with  the  number  of  electrons. 
The  absorption  coefficient  increases  as  the  square  of  the  wavelength  becoming  more 

Metals  have  a very  large  concentration  of  free  electrons.  These  electrons  lead 
to  free  carrier  absorption  which  is  large  at  infrared  frequencies.  As  the  frequency 
increases  from  the  infrared  the  free  carrier  absorption  decreases,  but  at  ultraviolet 
frequencies  absorption  increases  again  due  to  the  possibility  of  interband  transitions. 
Depending  on  the  energy  band  structure  of  the  particular  metal,  interband  and  free 
carrier  processes  may  overlap  to  give  absorption  throughout  the  optical  region,  or 
there  may  be  a small  window  where  the  absorption  is  much  less. 

The  Drude  model  describes  the  optical  response  of  free  carriers  in  metals.  It  is  a 
particular  case  of  the  Loren tz  oscillator,  with  the  resonance  frequency  equal  to  zero, 


The  Drude  plasma  frequency  is  defined  by  wJD  = 4iWcJ/m«,  where  N is  the  charge 
concentration  and  m*  is  the  effective  mass  of  the  free  carriers.  The  viscous  damping 
mechanism,  described  by  a relaxation  time  r,  is  associated  with  collisions  between 
electrons  (or  holes)  and  impurities  or  lattice  vibrational  phonons  in  metals.  The  real 
part  of  the  Drude  conductivity  is: 


i frequency  limiting  value  is  the  dc  conductivity,  oic,  defined  by: 


(23) 


Wien  ur  < 1,  mHom,  - ““1  «r  > 1.  ■'iMor.*  « V"S-  Semi- 
conductors possess  charges  of  all  kinds,  bound  and  free,  so  they  exhibit  some  of  the 
optical  properties  characteristic  of  each.  The  most  important  charges  are  those  as- 
sociated with  the  valence  band  and  their  excitations  by  interband  transitions  to  the 


Bamleao 

The  difference  in  energy  between  the  maximum  occupied  band  (valence  band)  and 
the  minimum  of  the  lowest  empty  band  (conduction  band)  of  a material  is  defined 
as  the  bandgap  (Eg)  for  that  material.  Band  gap  measurements  consist  of  measuring 
the  absorption  edge.  Fbr  a direct  band  gap  material  the  conduction  and  valence  band 
edges  both  occur  at  the  same  wave  vector  in  the  Brillouin  zone.  This  results  in  an 
abrupt  absorption  threshold  at  the  band  gap  energy.  The  momentum  is  automatically 
conserved  and  the  available  optical  gain  and  radiative  transition  are  strong. 

For  an  indirect  band  gap  material,  the  conduction  band  edge  occurs  near  the 
X point  and  the  valence  band  edge  occurs  at  the  zone  center.  Hence  the  lowest 
threshold  transition  cannot  be  achieved  for  a process  which  involves  photons  alone. 
Optical  transitions  involves  phonon  or  other  scattering  centers,  inorder  to  conserve 
momentum  and  energy. 

Photon  initiated  transitions  require  a k conserving  process  inorder  that  the  initial 
and  final  states  have  equal  momentum.  For  indirect  transitions  in  which  the  k vectors 
for  initial  and  final  states  are  different,  phonon  assisted  transitions  can  still  conserve 
momentum.  Since  three  particles,  (electron,  photon  and  phonon)  are  involved  in 


dements  for  indirect 


than  for  direct  transitions.  Therefore  the  the  band  edge  absorption  is  less  distinct 
in  indirect  band  gap  materials  and  the  absorption  threshold  exhibits  a long  tail  into 
the  optical  gap  region.  By  examining  the  line  shape  of  the  absorption  threshold,  it  is 
possible  to  determine  whether  a gap  is  direct  or  indirect.78 

For  a direct  bandgap  material,  the  energy  of  an  electron  in  the  conduction  band 
is  (»*)7/2m,  and  in  the  valence  band  is  -E,  - [(5fc)7/2m»),  where  m,  and  m*  are 
the  effective  masses  for  electrons  in  the  conduction  band,  and  holes  in  the  valence 
band,  respectively.  The  total  transition  rate  for  electrons  excited  from  the  valence 
band  to  the  conduction  band,  W„  is  given  by  the  following  equation:77 

W„  = 3e7(2mr)7^7|2(p7i)/m!W](hw  - E,)l/7/mh7c,,  (24) 

where  2 (pJ.J/mhw  is  an  average  oscillator  strength,  and  m,  is  the  reduced  mass  given 

by, 

1/m,  = 1/m,  + l/m».  (25) 

The  expression  for  a is  obtained  by  expressing  the  power  absorption  per  unit 
volume  as  the  quantum  mechanical  transition  rate  per  unit  volume,  Wji,  times  the 

From  Eqn.  25  and  the  following  equation: 


(26) 


the  absorption  coefficient  is  obtained  as, 


i[2(p’,)/mMHliu  - E,)]'/3/h3r 


(27) 


The  bandgap  E,  of  a material  can  thus  be  determined  very  accurately  from  the 
optical  absorption  coefficient,  o(u)  and  the  incident  photon  energy,  hv  by  using  the 
following  equation,  which  follows  from  Eqn.  26: 

(o  h»)  = {hv-E,)’  (28) 


For  a semiconductor  with  direct  bandgap  structure,  the  value  of  n is  0.5  and  for 
a semiconductor  with  an  indirect  bandgap  structure  the  value  of  n is  2.74  This 
dependence  is  used  to  analyze  the  type  of  bandgap  for  different  materials. 

The  bandgap  of  a ternary  compound  lies  between  the  energy  gaps  of  its  binary 
compound  and  is  determined  by  its  composition.  For  example,  GaAsP  has  a bandgap 
between  that  of  GaP  and  GaAs.77 


Optical  absorption  can  give  rise  to  many  secondary  effects,  the  majority  of  which 
are  useful  as  means  for  the  detection  of  light.  The  principal  processes  are  photoemis- 

When  a material  absorbs  a photon  of  energy  greater  than  the  bandgap,  an  electron 
is  promoted  to  the  excited  state.  Relaxation  of  the  excited  state  may  be  characterized 
as  either  radiative  or  nonradiative.  An  electronic  transition  from  a higher  state  to 
a lower  state  emitting  a photon  in  the  process  is  termed  radiative  recombination 
process.  This  is  the  reverse  process  of  the  photon  absorption  discussed  in  the  above 


Optical  absorption  increases  the  potential  energy  of  a material  as  a result  of  the 
indefinitely,  since  there  is  a tendency  to  revert  to  the  original  state.  The  deexcitation 


light.  The  emission  spcct 


a will  depend  primarily  on  the  nature  of  the  impurity  ioi 


is  reabsorbed.  This  phenome 


A thin  film  is  a layer  with  parallel  faces  whose  thickness  d is  comparable  to  the 
wavelength  of  the  electromagnetic  radiation  it  receives.  The  thin  parallel  sided  film 
is  a special  case  of  a Fabry-Perot  system  of  low  order.  For  films  whose  thickness  is  of 
the  order  of  the  light  wavelength,  the  path  difference  introduced  are  small  compared 
with  the  coherence  length  of  a monochromatic  source.  The  lateral  displacement  is 
2dtand  where  ^ is  the  angle  between  the  ray  in  the  film  and  the  normal,  and  is 
small  compared  with  the  breadth  of  the  beam.  Therefore  the  multiply  reflected  and 
transmitted  beams  are  regarded  as  combining  coherently.85 

When  a beam  of  light  is  incident  on  a thin  film,  part  of  the  light  is  reflected 
and  part  of  the  light  is  transmitted  at  the  front  surface.  Fig.  3.1  shows  the  paths 
of  light  rays  in  multiple  reflection  between  the  front  and  back  surface  of  the  thin 
film.  The  transmitted  part  is  reflected  back  and  forth  between  the  front  and  back 
surfaces  as  shown  in  figure,  let  r be  the  reflection  coefficient  and  t be  the  transmission 
coefficient.  If  there  is  no  absorption  in  the  thin  film,  the  amplitudes  of  the  successive 
internally  reflected  rays  are  £„i,  £0f r,  £„!rJ, ...,  and  that  of  the  transmitted  rays  are 
£„fs, BofV,  E,t2r*, ....  where  E„  is  the  amplitude  of  the  primary  ray.  The  geometric 
path  difference  between  any  two  successive  transmitted  rays  is  2dcos0,  where  d is  the 
thickness  of  the  thin  film  and  B is  the  angle  between  any  internally  reflected  ray  and 
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the  surface  normal.  The  corresponding  phase  difference  5,  between  any  two  successive 

S = (4sr/A)dcosd  = (4*/Ao)ndcos0,  (29) 

where  A and  A,  are  the  wavelength  in  the  thin  film,  and  the  vacuum  wavelength,  and 
n is  the  refractive  index  of  the  thin  film,  respectively.  Summing  the  amplitudes  of  the 
transmitted  rays,  by  taking  the  phase  difference  as  a factor  e'4,  the  following  equation 

Et  = BJ?  + E.tVe“  + £„<Vew  + ...  = - r’e").  (30) 

If  the  wavelength  of  the  incident  light  and  the  thickness  of  the  film  are  such  as 
to  give  a phase  difference  between  the  reflections  of  it,  then  the  reflected  wavefronts 
interfere  destructively  and  the  overall  reflected  intensity  is  a minimum.  If  the  two 
reflections  are  of  equal  amplitude,  then  the  amplitude  of  this  minimum  will  be  zero. 

If  A is  the  fraction  of  the  incident  energy  that  is  absorbed  at  each  reflection,  then 
by  conservation  of  energy, 

A + R + T = l.  (31) 

In  the  absence  of  absorption  or  scattering,  the  lost  reflected  intensity  will  appear  as 
enhanced  intensity  in  the  transmitted  beam,  to  conserve  energy.  The  sum  of  the 
reflected  and  transmitted  beam  intensities  is  always  equal  to  the  incident  intensity. 
When  the  total  phase  shift  between  the  two  reflected  wavefronts  is  equal  to  zero  or 
multiples  of  2*,  then  the  reflected  intensity  will  be  a maximum,  and  the  transmitted 
beam  will  be  reduced  accordingly. 

In  studying  the  properties  of  thin  films  which  arc  supported  on  a substrate,  it  is 


I of  the  substrate.  The  only  exceptio 


this  requirement  is  for  a heavily  absorbing  film,  for  which  the  attenuation  of  the  light 

transmittance  decreases  with  increasing  thickness  and  does  not  exhibit  oscillations. 

Fig.  3.2  shows  the  case  of  a single  film  of  thickness  I and  refractive  index  ni 
deposited  on  a thick  substrate  of  refractive  index  nT.  The  amplitude  of  the  electric 
vector  of  the  incident  beam  is  E0,  that  of  the  reflected  beam  is  E0  and  that  of  the 
transmitted  beam  is  Er-  The  electric  field  amplitude  in  the  film  for  the  forward  and 
backward  travelling  waves  are  E\  and  E\  respectively. 

The  electric  field  E,  and  magnetic  field  H,  should  be  continuous  at  each  interface 
to  satisfy  the  boundary  conditions.  At  the  first  interface:8® 


f E„  + E,  = Ei  + E 
< H.  - H,  = Hi  - 1 
[ n,E0  - n„£„  = n. 


At  the 


ad  interface: 


(32) 


= Sr. 

- Hief'*'1  = Hr.  (33) 

n1E1e<ii0-n1£1«<-,4'>  = "r£r. 

The  phase  factors  e<‘M>  and  e<-iu>  results  from  the  wave  travelling  a distance  / 
from  one  interface  to  the  other.  Eliminating  £i  and  E,  from  Eqs.  32  and  33,  the 
following  equations  are  obtained. 


1 + £„/£„  = (coski  - i(nT/n,  )sinkl)(Erl E,).  (34) 


In 


(n.)  + 6°,E°  = M (nT)  &r,E°' 


e,  M is 


If  there  are  N layers  numbered  1, 2, 3...N,  having  indices  of  refraction  ’ll,  02,  Os, 
then  the  reflection  coefficient  and  transmission  coefficients  of  the  multi-layer  film  are 
related  by  the  following  equation. 

(B*  ) + l = M t,  (37) 

where  M,,  M2,  Mjv  are  the  transfer  matrices  of  the  various  layers.  M is  the 

In  the  present  study,  two  classical  models,  (Drude  and  Lorentz)  were  used  to 
describe  the  optical  properties  of  the  thin  films  on  the  thick  substrate.  The  free-camer 
component  was  fit  to  a Drude  model,  while  the  bound  carrier  interband  transitions 
and  lattice  vibrations  were  fit  by  Lorentzian  oscillators.  The  dielectric  function  can 
thus  be  modelled  by  a sum  of  three  terms: 

c = cD  + e1  + «»  (38) 

where  tp  and  are  the  Drude  and  Lorentz  dielectric  function,  and  is  the  contri- 
bution from  the  high  frequency  absorption  beyond  the  measured  range. 

The  experimental  reflectance  and  transmittance  data  can  thus  be  fitted  with 
a combined  Drude— Lorentz  model  of  the  following  equation  to  extract  the  optical 


.(or)  = e,(a,) + :-*,(«)  = 


(39) 


where  upp  and  1/r  are  the  plasma  frequency  and  relaxation  rate  of  the  Drude  carriers, 
a ujt  upjlu?j*  and  7,  are  the  ceuter  frequency,  strength,  and  width  of  the  jtk  Lorentzian 
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obtained  by  fitting  both  the  reflectance  and  transmittance  is  very  accurate  compared 
to  the  other  methods  of  extracting  the  optical  constants,  namely  the  fringe  analysis 
method  etc.  The  thickness  of  the  thin  films  can  also  be  accurately  determined,  since 


Pig.  3.1.  Paths  of  light  rays  in  multiple  reflection  between  the  front  and  back 
surface  of  the  thin  film. 
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Fig.  3.2.  Wave  vectors  and  their  associated  electric  fields  for  the 
normal  incidence  of  a thin  film  deposited  on  a thick  substrate. 


CHAPTER  IV 

EXPERIMENTAL  TECHNIQUES 


This  chapter  describes  the  experimental  methods  and  spectrometers  used  in  the 

frequency  range,  from  about  20  cm-'  to  48,000  cm-'  (2.5  meV-5.95  eV).  The  com* 
plote  spectrum  of  a given  source  comprises  all  the  frequencies  that  the  source  emits. 

the  electromagnetic  spectrum  was  investigated  by  using  a variety  of  optical  spectrom- 
eters, light  sources  and  detectors.  Table.  4.1  shows  the  electromagnetic  spectrum  in 
the  infrared,  visible  and  ultraviolet  region,  expressed  in  frequency,  wavelength  and 
photon  energy. 

The  spectrometers  used  to  measure  the  optical  spectra  of  the  samples  in  the  far- 
infrared  (20-600  cm-')  and  mid-infrared  (500-3,000  cm-1)  region  was  a fast-scan 
Model  113v  Broker  Fburier  TVansform  Interferometer.  A Perkin-Elmer  16U  Grating 
Monochromator,  and  a MPM  800  Microscope  Photometer  were  used  to  collect  data  at 
higher  frequencies  of  1000-40, 000cm-').  The  Microscope  Photometer  was  also  used 
to  measure  the  photoluminescence  of  the  phosphor  samples. 

The  optical  constants  of  solids  can  in  principle  be  determined  in  two  ways,  either 

(oblique  incidence).  The  former  can  be  performed  either  at  normal  or  near  normal 
incidence  or  at  oblique  incidence.  Advantages  of  measuring  reflectance  and  transmit- 

e data  analysis  is  relatively  easy. 
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1.  The 


Table.  4.1.  The  electromagnetic 


and  photon  energy. 


rpressed  in  frequency,  wavelength 


Region  FVequency  FVequency 
(cm'1)  (THs) 


Blue 
Violet 
Near  UV 
Vacuum  UV 


24-298 

298-2,226 

2,226-12,825 

12,825-16,051 

16,051-16,777 

16,777-17,342 

17,342-20,326 

20,326-21,939 

21,939-25,650 

25,650-50,000 

50,000-250,000 


0.75-9 

9-67 


520-610 

610-659 

659-769 

769-1500 

1,500-7,500 


Wavelength  Photon  energy 

H (eV) 

400,000-33,000  0.003-0.037 

33,000-4,500  0.037-0.276 

4,500-780  0.276-1.59 

780-622  1.59-1.99 

622-597  1.99-2.08 

597-577  2.08-2.15 

577-492  2.15-2.52 

492-455  2.52-2.72 

455-390  2.72-3.18 

390-200  3.18-6.20 

200-40  6.20-31.0 


2.  The  reflectance  in  most  cases  is  insensitive  to  any  polarization  introduced  by 


For  nearly  all  materials  the  average  of  the  reflectances  measured  parallel  and 
perpendicular  to  the  plane  of  incidence,  differed  by  less  than  ±0.0001  from  that  at 
normal  incidence,  even  for  angles  as  large  as  10°.  Thus,  reflectance  measurements 


both  the  convergence  angle  of 
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made  at  nearly  normal  incidence  were  insensitive  to 
the  incident  radiation  and  the  average  angle  of  incidence. 


Interferometry 

Fourier- transform  spectroscopy  is  a valuable  tool  in  the  far  inhered  where  the 
signal  to  noise  ratio  with  conventional  spectrometers  is  very  poor.  0 An  interfero- 
gram  is  the  output  of  an  interferometer  as  the  optical  path  difference  is  varied.  The 
intcrferogram  is  the  Fourier- transform  of  the  spectrum  of  the  input  radiation.  High 
photometric  accuracy  is  essential  for  precise  measurements  of  optical  properties.  The 
photometric  accuracy  of  spectra  measured  by  using  FTIR  is  determined  by  the  tem- 
perature stability  of  the  interferometer,  source  and  detector,  detector  linearity  and 
the  technique  of  sampling  and  data  processing. 

The  principle  of  the  FTIR  is  based  on  the  Michelson  interferometer  shown  in 
Fig.  4.1.  The  electromagnetic  radiation  emitted  from  the  source  is  focused  onto  the 
beamsplitter,  which  divides  this  light  into  two  beams.  One  beam  is  reflected  and  the 
other  is  transmitted.  The  reflected  beam  is  reflected  by  a stationary  mirror  back  to 
the  beam  splitter  and  the  transmitted  beam  is  reflected  back  to  the  beamsplitter  by 
a moveable  mirror.  These  two  beams  recombine  in  the  beamsplitter  and  is  sent  into 
the  sample  chamber  and  then  into  the  detector.  When  the  two-sided  mirror  moves 
at  a constant  speed,  o,  a path  difference  x = 4 vt  is  introduced,  where  t is  the  time 
since  the  mirror  is  at  the  zero-path-differeuce  position.  The  intensity  of  the  radiation 
reaching  the  detector  versus  the  optical  path  difference  represents  the  interferogram 
of  the  radiation  emitted  by  the  source. 

The  intcrferogram  is  written  as: 


/W=4=  + jTsHe,-a*~,d- 


(40) 
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where  x is  the  path  difference,  S(ut)  is  the  spectral  distribution  function  and  /«,,  the 
intensity  at  infinite  path  difference  is  called  the  dc  level.  For  the  ideal  case,  /(x) 
is  symmetric  about  x=0,  where  x varies  from  -oo  to  +oo.  Sampling  is  carried  out 
continuously  as  a function  of  path  difference.  If  the  light  is  a monochromatic  wave, 
of  wavenumber  v9  so  that: 

SW  = So(«(n-n.)  + «(n  + w.))  (41) 

then,  Eq.  40  gives: 

/(()  = /„  cos  2*/.i  (42) 

where  /0  = 2So  and  /.  = 4w,  = (4u/c)/„. 

The  spectrum  itself  can  be  found  by  integrating  the  inverse  Fourier  transform  of 

S[u)  = jT  (/(.)  - /(oo )e<“*~>dx  (43) 

The  digital  data  is  transferred  into  the  Aspect  computer  system  and  is  Fourier- 
transformed  into  a single-beam  spectrum,  as  shown  in  Fig.  4.3,  after  corrections  such 

The  advantages  of  Fburier-transform  spectrometers  are  due  to  the  major  concepts 
known  as  the  Fbllgctt  advantage  and  the  Jacquinot  advantage.  An  interferometer 

element  of  a scan,  whereas  a conventional  grating  spectrometer  measure  only  that 
part  of  the  spectrum  which  passes  through  the  exit  slit  of  the  instrument.  Fellgett 

ters  to  measure  all  the  spectrum,  and  so  this  measurement  is  characterized  by  better 
signal/noise  ratio.  This  advantage  is  called  the  Fellgett  advantage.94 
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The  ability  of  interferometers  to  collect  large  amounts  of  energy  at  high  resolution 
is  called  the  throughput  advantage  or  the  Jacquinot  advantage  of  interferometers  over 

over  conventional  grating  based  spectroscopy  including  stability,  the  ability  to  easily 
average  multiple  scans,  high  wavenumber  accuracy,  absence  of  stray  light  and  high 
scan  rate.*5 

ence.  Instead,  a finite  number  of  discrete  points  up  to  some  maximum  path  difference 
xra  is  sampled  so  that  the  Fburier  integral  is  replaced  by  a Fourier  series.  TVuncation 
of  the  interferofram  at  x = A introduces  distortions  in  sharp  features  of  the  computed 

sidelobes  near  sharp  spectral  structures,  if  the  central  peak  falls  between  two  calcu- 
lated points.*’  These  sidelobes  are  introduced  in  the  wings  of  unresolved  lines  by 
the  sin(2xvA)/(2xvA).  This  problem  can  be  overcome  by  applying  the  apodization 
technique,  which  removes  the  side  lobes."  This  is  done  by  multiplying  the  interfero- 
gram  by  the  apodization  function,  A(x,  A),  which  goes  to  zero  at  x = A,  and  is  zero 
for  X greater  than  A The  cost  of  this  procedure  is  a further  line  broadening  and  loss 
of  resolution.  Another  issue,  caused  by  the  discrete  sampling,  is  the  aliasing  effect 
which  must  be  reduced  by  using  some  cut-off  filters  to  suppress  the  high  frequency 
components,  and  by  choosing  the  sampling  interval  in  accordance  with  the  Nyquist 
criterion,  x < (Am„/2),  where  (Ami„/2)  is  the  shortest  wavelength.” 

If  the  interferogram  is  not  symmetric  about  its  central  position,  the  result  is  a 
phase  error.  This  translates  into  S(u)  becoming  complex  in  the  spectral  distribution 
function  which  is  unreasonable.  In  order  to  eliminate  the  phase  error,  the  zero  path 
difference  of  the  movable  mirror  should  be  accurately  determined  and  phase  correction 
techniques  employed. 


The  reflectance  and 


tained  by  using  an  IBM-Bruker  fast-scan  Fourier-transform  interferometer  (FTIR). 
The  principle  of  this  interferometer  is  that  of  a Michelson  interferometer,  although 
there  are  some  modifications.9*  The  frequency  range  covered  is  20-5,000  cm-'. 

Fig.  4.2  shows  the  FTIR  which  is  divided  into  four  chambers:  the  source,  in- 
terferometer, sample  and  the  detector  chambers.  The  sample  chamber  contains  two 
identical  channels,  one  for  reflectance  and  the  other  for  transmittance  measurements. 
For  reflectance  measurements,  an  optical  stage,  shown  in  the  top  part  of  Fig.  4.2  is 
placed  in  the  sample  chamber.  The  entire  system  is  evacuated  to  avoid  H,0  and 
COj  absorption  during  measurements.  An  Hg  arc  lamp  is  used  as  the  source  in  the 
far  infrared  (20-700  cm'1)  and  a globar  source  is  used  in  the  mid  infrared  (400- 
5,000  cm-1). 

Eqns.  42  and  43  shows  that  the  optical  frequency  of  the  radiation,  /„,  is  reduced 
by  a factor  of  4u/c.  Hence  the  detector  sees  a signal  with  an  audio  frequency  /. 
instead  of  the  much  higher  optical  frequency  /„.  This  signal  is  amplified  by  a wide- 
band audio  preamplifier  and  then  digitized  by  a 16-bit  ail alog-to- digital  converter. 
The  weak  infrared  signals  requires  a high  sensitivity  detector.  The  detectors  used  in 
the  far  infrared  region  is  a liquid  helium  cooled  4.2  K Si  bolometer  and  in  the  mid 
infrared  region  a liquid  helium  cooled  4.2  K Si:B  photocell  or  a room  temperature 
pyroelectric  deuterated  triglycine  sulfate  (DTGS)  detector.  The  liquid  helium  cooled 
detectors  have  much  better  signal-to-noise  (S/N)  ratio  as  compared  with  the  DTGS. 
The  bolometer  system  consists  of  three  main  parts:  detector,  liquid  helium  (LHe) 


Fig.  4.4 
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4 shows  the  schematic  diagram  of  the  bolometer  detector  mounting  and  the 
LHe  dewar  (HD-3).  A diffusion  pump  reduces  the  pressure  in  the  dewar  to  ~ KT4 
torr,  after  which  it  is  p re- cooled  with  liquid  nitrogen  for  about  an  hour.  The  nitrogen 
can  is  filled  with  nitrogen.  The  pre-coolant  is  then  removed  and  the  liquid  helium  is 
transferred  into  the  helium  can  to  maintain  the  detector  at  4.2  K.  A temperature  as 
low  as  1.2  K can  be  achieved  by  reducing  the  vapor  pressure  above  the  liquid  helium. 
A thermal  radiation  shield  is  placed  between  the  helium  can  and  the  case  to  reduce 
the  head  load  on  the  cold  area.  The  Si  detector  is  mounted  on  a cold  surface  under 
the  helium  can.  The  optical  signal  is  guided  by  the  pipe  along  the  optical  axis  through 
a window  (polyethylene  for  FIR,  KRS-5  for  MIR)  and  optical  filters  before  it  finally 
arrives  at  the  detector.  The  output  electric  signal  from  the  detector  is  amplified  and 
sent  to  the  A/D  converter  of  the  Bruker  interferometer. 


Table.  4.2  Bruker  FTIR  Operating  Parameters 


Range 


100  - 600 
450-4,000 


Beam  Split.  Opt.  Fill.  Source  Pol. 

Material  Material  Material 

Mylar  Black  PE  Hg  arc  1 

Mylar  Black  PE  Hg  arc  1 

Mylar  Black  PE  Hg  arc  1 

Germanium  on  KBr  none  Globar  2 


Detect. 


bolometer 

bolometer 

DTGS,  photocell 


PE  = polyethylene.  Polaris 
wire  grid  on  AgBr. 


. polyethylene;  polarizer  2 — 
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Optical  spectra  from  midinfrared  through  the  visible  and  ultraviolet  (UV)  fre- 
quencies of  1,000-40,000  cm"1  (0.12-5  eV)  were  measured  using  a model  16U  Perlcin- 
Elmer  (PE)  monochromator.  At  these  frequencies,  the  Fellgett  advantage  diminishes 
due  to  the  availability  of  stronger  sources  and  more  sensitive  detectors.  Therefore  a 
grating  spectrometer  is  an  excellent  choice  at  frequencies  in  the  near  infrared,  vis- 
ible and  UV  regions.  Fig.  4.5  shows  the  layout  of  the  modified  Perkin-Elmer  16U 
monochromator.  The  three  light  sources  that  are  used  are  a globar  source  for  the 
midinfrared,  a quartz  tungsten  lamp  for  the  near  infrared,  and  a deterium  arc  lamp 


The  light  from  the  source  was  passed  through  a chopper  and  a series  of  filters. 
The  chopper  generates  a square  wave  signal  for  lock-in  detection.  The  filters  reject 
the  unwanted  higher  order  diffraction  from  the  grating,  which  occur  at  the  same  angle 
as  the  desired  first-order  component.  The  light  beam  passes  through  an  exit  slit,  into 
a grating  where  the  different  wavelengths  are  diffracted  according  to  the  formula; 

2dsin«  = nA  (44) 

where  n is  the  n“  order  of  the  diffracted  light,  (n=l  here)  A is  the  wave  length,  « is 
the  angle  of  incidence,  and  d is  the  spacing  between  the  grating  lines.  The  angle  of 

resolution  by  rotating  the  grating  with  a stepper  motor  controller.  This  allows  access 
to  different  wavelengths  sequentially.  The  steps  in  angle  of  rotation  together  with  the 
exit  slit  width  determine  the  resolution  of  the  monochromator.98  Increasing  the  slit 
widths  increases  the  intensity  of  the  emerging  radiation  (higher  S/N  ratio)  at  cost  of 


Mirror  Mi  is  a refe 


which  can  be 


ated  or  replaced  by  a sample  for 


a sample  rotator,  as  indicated  in  Fig.  4.5.  The  positions  of  the  sample  on  the  rotator 
and  of  the  detector  are  the  two  focal  points  of  an  ellipsoidal  mirror.  Three  detectors 
are  used  to  cover  the  different  photon  energy  regions  are  a thermocouple  used  in  the 
region  0.11-0.9  eV,  a lead  sulphide  (PbS)  photoconductor  for  the  region,  0.5-2.5  eV , 
and  a silicon  photodiode  in  the  region  2.2-5  eV.  Table.  4.3  lists  the  parameters  used 

The  electric  signal  from  the  detector  is  amplified  by  an  Ithaco  model  393  lock  in 
amplifier.  The  output  signal  from  the  lock-in  system  is  then  averaged  over  a given 
time  interval  and  converted  into  digital  data  by  an  integrating  digital  voltmeter. 

In  order  to  resolve  the  dielectric  tensor  along  the  principal  axes  of  the  single 
crystals  used  in  this  work,  the  electric  field  of  the  light  was  polarized.  Since  the 
radiation  generated  at  the  source  is  randomly  polarized,  the  polarization  of  the  light 
was  accomplished  by  inserting  a polarizer  in  the  path  of  the  beam.  The  characteristics 
of  the  polarizos  vary  depending  on  the  frequency  range  of  interest.  In  the  infrared, 
the  polarizers  used  were  made  of  a gold  wire  grid,  vapor  deposited  on  a substrate. 
For  the  midinfrared  spectral  range  (300—4,000  cm-1)  a silver  bromide  substrate  was 
used,  while  in  the  far  infrared  (30-600  cm-1),  the  substrate  was  polyethylene. 

Dichroic  and  plastic  polarizers  were  used  in  the  near  infrared,  visible  and  UV. 
In  both  the  Brukcr  and  Perkin-Elmer  spectrometers,  the  desired  polarization  of  the 
light  was  achieved  by  mounting  the  polarizer  in  the  path  of  the  beam  using  a gear 
mechanism  that  also  allowed  rotation  from  the  outside  without  breaking  the  vacuum 
in  the  spectrometers.  This  in-situ  adjustment  of  the  polarizers  greatly  reduced  the 
uncertainty  in  the  relative  anisotropy  of  the  reflectance  (better  than  ±0.25%).  This 


Table.  4.3  Perkin-Elmer  i 
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(cm-1)  (line/mm) 
801-965  101 

905-1,458  101 

1,403-1,752  101 

1,644-2,612  240 

2,467-4,191  240 

4,015-5,105  590 

4.793- 7,977  590 

3,829-5,105  590 

4.793- 7,822  590 

7,511-10,234  590 

9,191-13,545  1,200 


22,066-28,059 

25,706-37,964 

36,386-45,333 


Slit  width  Source*  Detector' 

2,000  GB  TC 

1,200  GB  TC 

1,200  GB  TC 

1,200  GB  TC 

1,200  GB  TC 

1,200  GB  TC 

1,200  W TC 

225  W PbS 

75  W PbS 

75  W PbS 

225  W PbS 

225  W PbS 

225  W 576 

700  Dj  576 

700  D2  576 

700  Dj  576 


a Note  the  grating  line  number  per  cm  should  be  the  same  order 
of  the  corresponding  measured  frequency  range  in  cm-  . 

* GB:  Globar;  W:  Tungsten  lamp;  Dj:  Deuterium  lamp. 


TC:  The 


uple;  PbS:  Lead  sulphide;  576:  Silicon  pho* 


53 

was  specially  important  when  the  relative  anisotropy  in  the  optical  response  of  the 
crystal  was  not  very  large. 

MPM  800  Microscope  Photometer 

The  MPM  800  Microscope  Photometer  is  a system  for  spot  measurement,  area 

corresponding  grating  monochromators  disperse  light  from  a frequency  of  4,100  cm-1 
to  48,000  cm-1.  The  microscope  photometer  offers  major  convenience  of  operation 
by  retroreflection  of  the  measuring  diaphram  into  the  binocular  tube  and  electrical 

Measurement  spot  size  on  the  sample  is  selected  by  a variable  rectangular  di- 
aphram which  has  a minimum  spot  size  of  1 pm.  Independent  of  the  spot  size  the 
spectral  bandwidth  may  be  selected  from  1 to  20  nm.  The  system  comprises  of  an 
illumination-side  monochromator  to  provide  incident  light.  Polarizing  optics  are  avail- 
able for  the  frequency  region,  from  4,100  cm'1  to  1,200  cm-'.  The  second  VIS/IR 
monochromator  at  the  detector  side  covers  the  range  upto  48,000  cm-1  and  may  be 

the  smallest  diaphram  allows  a spatial  resolution  of  1 pm.  The  software  can  handle  an 
electronic  scanning  stage  which  enables  multi-point  spectral  scans  at  preprogrammed 

Fig.  4.6  shows  the  MPM  800  Microscope  Photometer  for  photoluminescence  mea- 
surements. The  xenon  lamp  is  used  a the  source  of  optical  excitation.  The  light  from 
the  xenon  lamp  illuminates  the  sample  via  the  incident  light  path,  through  a blue 
filter  or  an  UV  filter  exciting  the  electrons  in  the  valence  band  to  the  conduction 
band,  so  that  they  are  in  a non-equilibrium  state.  When  the  electrons  return  to  the 


[fitted.  The  emitted  light  is  analyzed  by  a the  i 


Increasing  the  numerical  aperture  (N.A.)  of  the  objective  leads  to  an  increase 
in  luminescence  intensity  by  (N.A.)*.  The  object  spectra  was  corrected  to  eliminate 
any  system  specific  effects.  The  light  path  which  has  to  be  corrected  is  the  emission 
pathway,  beginning  at  the  objective,  passing  the  monochromator  and  terminating  at 
the  photomultiplier  (path  I in  fig  4.6)  This  is  done  by  measuring  light  path  II  sepa- 
rately. The  basic  formula  for  calculation  of  spectral  correction  for  photoluminescence 


(45) 


Q (Quotient)  is  the  luminescence  spectra  after  spectral  correction. 

0 (Object)  is  the  measured  value  of  the  luminescence  intensity. 

S (Standard)  is  the  measured  value  of  the  tungsten  light  source. 

P (Parasitic)  is  the  measured  value  of  the  parasitic  light. 

R (Reference)  is  the  calculated  data  for  the  theoretical  spectral  properties  of  the 
standard. 

Fig.  4.7  shows  the  beam  path  of  MPM  800  Microscope  Photometer  for  transmitted 
and  reflected  light.  Reflectance  and  transmittance  can  be  measured  within  a selected 
spectral  range  at  fixed  wavelength  intervals  and  at  selected  object  points.  A xenon 
lamp  is  used  as  the  light  source  in  the  spectral  range  4,000  cm-1  to  12,000  cm-1 
and  a tungsten  lamp  is  used  from  11,800  cm-1  to  48,000  cm-1.  The  detector  is  a 
photomultiplier  tube  (PMT).  The  detector  amplifier,  scanning  stage,  monochromator, 
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The  basic  formula  for 


(47) 
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ematic  diagram  of  the  Michelson  interferometer. 


Fig.  4.1.  Sche 


Fig.  4.2.  Schematic  diagram  of  the  IBM-IR/98  BRUKBR  interferometer. 
The  top  part  of  the  figure  (enlarged  scale)  is  an  optical  stage  setup  for 
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Fig.  4.5.  Schematic  diagram  of  the  ] 


Fig.  4.6. 
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CHAPTER  V 

OPTICAL  STUDIES  OF  UNDOPED  AND  CERIUM 
DOPED  CALCIUM  THIOGALLATE  CRYSTALS 

In  this  chapter,  the  optica]  properties  of  undoped  single  crystals  of  CaGa^Ss 
and  CaGa;S4  doped  with  6 mole  % cerium,  for  light  polarized  parallel  and  perpen- 
dicular to  the  c axis  is  discussed.  The  room  temperature  reflectance,  R(ui),  and 
transmittance,  T( w),  was  measured  over  a wide  frequency  range  of  30—48,000  cm-1 
(4  meV— 5.95  eV).  In  the  region  where  the  materia]  was  transmitting  the  optical 
constants  were  obtained  by  the  inversion  of  equations  for  reflectance  and  transmit- 
tance. The  single  bounce  reflectance  in  this  region  was  then  combined  with  the  single 
bounce  reflectance  in  the  region  where  the  material  was  non-transmitting.  Kramers- 
Kronig  analysis  was  performed  on  these  single  bounce  reflectance  spectra,  to  obtain 
the  optical  conductivity  and  other  optical  constants. 

An  extensive  optical  study  was  done  on  the  infrared  dynamics  of  the  single  crys- 
tals. There  are  two  kinds  of  information  available  from  a study  of  the  optical  prop- 
erties of  a crystal  at  lattice  vibrational  frequencies,  which  are  the  forces  coupling 
the  sublattices  together,  determined  from  the  resonant  frequencies  and  the  apparent 
charges  of  the  sublattices  determined  from  the  resonant  strengths.  This  is  done  by 
calculating  a theoretical  reflectivity  using  a set  of  oscillator  parameters  and  adjusting 
it  to  produce  as  good  a fit  as  possible  to  the  measured  reflectance. 

of  the  single  crystals  was  also  studied.  This  was  done  by  studying  the  absorption 
spectra  and  the  emission  spectra  when  the  single  crystals  are  excited  with  ultraviolet 
radiation.  From  the  optica]  absorption  spectra,  the  band  gap  energy  was  determined. 
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Material  synthesis 

The  phosphor  was  prepared  by  J.  Kane  and  P.N.  Yocom  at  the  Saraoff  Corpo- 
ration. The  phosphor  powder  was  prepared  by  firing  a mixture  of  calcium  sulphide, 
gallium  sulphide  and  cerium  sulphide  in  the  appropriate  stoichiometric  quantities  at 
940  °C.  A small  quantity  of  the  phosphor  powder  was  placed  on  a polished  sapphire 
wafer  and  heated  in  a quartz  tube  in  a hydrogen  sulphide/nitrogen  atmosphere  to  a 
temperature  above  the  melting  point.  The  furnace  was  cooled  slowly  at  3°/minute 
in  the  region  of  the  melting  point.  The  single  crystals  prepared  in  the  above  manner 
does  not  adhere  to  the  sapphire. 


Results 

The  emission  spectra  for  the  unactivated  and  cerium  activated  phosphors  when 
excited  with  uv  light  at  365  nm  is  shown  in  Fig.  5.1.  The  unactivated  phosphor 
exhibited  photoluminescence  but  not  electroluminescence.  The  intensity  of  the  light 

surface  of  the  crystallized  sample,  when  viewed  through  the  optical  microscope.  The 
material  inside  these  holes  appeared  to  be  a Ga-poor,  S-rich  compound,  or  a mixed 
phase  which  was  responsible  for  the  light  emission.  The  emission  spectra  of  the  cerium 
activated  phosphor  showed  overlapping  double  bands  which  has  a peak  intensity  at 
475  nm  (2.61  eV).  This  energy  is  characteristic  of  the  radiative  transition  from  the 
2D  excited  state  of  the  cerium  atom  to  the  4f(aFsya)  ground  state,  and  the  low  energy 
shoulder  is  due  to  the  3D-2F7^  electronic  transition. 

The  cerium  atom  ground  state  configuration  is  (Kr)4d104fl5d,fls2  where  the  Ce2+ 
ion  has  the  configuration  (Krjdd'^f1.  When  excited,  the  4f*  electron  is  excited  into 
the  empty  5d  level  which  leads  to  the  d to  f transition.22  The  outermost  s 


shell  is 


the  5d,  and  the  excited  electron  is  referred  to  as  the  unshielded  electron.  Unshielded 
electrons  can  be  influenced  by  the  surrounding  environment,  which  is  the  crystal  field 
effect.  The  emission  peaks  from  such  activators  tend  to  be  broad  and  shift  as  a 

Fig.  5.2  shows  the  absorption  and  broad  emission  spectra  of  the  cerium  activated 
thiogallate  phosphor.  The  absorption  spectrum  shows  a maximum  at  425  nm  which 
corresponds  to  the  absorption  of  cerium  into  its  excited  2D  energy  level.  This  maxi- 
mum absorption  value  is  obtained  from  the  Kramers  Kronig  analysis  of  the  reflectance 
spectrum,  which  is  the  single  bounce  reflectance  spectrum  since  there  was  no  trans- 
mittance at  this  wavelength.  Below  380  nm  the  absorption  again  increases  since  the 
spectrum  approaches  the  bandedge.  An  overlap  is  observed  between  the  excitation 
and  emission  spectra,  which  attenuates  the  cerium  emission.  One  reason  for  the  large 
shift  to  longer  emission  peak  wavelengths  observed  for  the  cerium  activated  thiogal- 
lates  could  be  selective  absorption  of  the  shorter  emission  wavelengths  by  the  cerium 
ion  with  subsequent  rcemission  at  longer  wavelengths.  The  emission  band  is  located 
at  longer  wavelengths  than  are  generally  observed  for  cerium  in  oxide  hosts.  This 
spectral  shift  is  a consequence  of  the  nephelauxetic  effect.101 

Fig.  5.3  a and  b shows  the  room  temperature  reflectance  for  light  polarized  par- 
allel to  the  c axis  and  perpendicular  to  the  c axis,  respectively,  for  a 45  /im  thick 
unactivated  CaGa-jS,  + GajSj  single  crystal.  Between  100  cm-1  and  400  cm-1,  the 
reflectance  is  dominated  by  phonon  modes.  The  results  show  a very  strong  anisotropy 
in  the  phonon  region  between  the  two  directions  of  polarization.  FVom  the  crystal 
structure,  we  see  that  the  lattice  parameters  are  different  along  the  a— b plane  and 
c axis,  which  shows  that  this  anisotropy  is  not  surprising.  The  low-frequency  results 
are  characterized  by  a reflectance  that  is  higher  along  the  c axis  by  10—15%. 


Pig.  5.4 
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single  crystals  for  light  polarized  parallel  to  the  c axis  and  perpendicular  to  the  c 
axis,  respectively.  The  transmittance  is  essentially  zero  for  the  single  crystal  in  the 

1,200  cm-1,  which  is  the  absorption  due  to  water  molecules.  This  result  shows  that 
calcium  thiogallate  single  crystals  are  hygroscopic  in  nature.  In  the  mid  infrared 
region,  the  transmittance  decreases  drastically  and  in  the  visible  region  the  transmit* 
tance  is  very  low.  This  is  because  the  unactivated  CaGajSi  + GajSj  single  crystals 
looked  very  cloudy  and  there  is  considerable  amount  of  scattering  within  the  single 
crystals. 

Fig.  5.5  a and  b shows  the  reflectance  and  transmittance  the  Ce3+  doped  CaGajSr 
+ GasSs  phosphor  for  light  polarized  parallel  and  perpendicular  to  the  c aids,  respec- 
tively, in  the  uv/visible  region  of  the  spectrum  (300-700nm).  A very  strong  absorp- 
tion can  be  seen  between  405  nm  and  445  nm  which  is  the  absorption  of  cerium  into 
its  excited  2D  energy  level.  Below  this  energy  the  material  is  transparent.  This  ab- 
sorption is  also  seen  in  the  reflectance  spectrum  of  the  doped  sample.  The  emission 
band  for  cerium  is  located  at  longer  wavelengths  than  are  generally  observed  for  Ce>+ 


in  fig.  5.4  do  not  show  any  absorption  at  this  frequency,  indicating  the  absence  of 
is  absorbed.  Hence  only  the  doped  phosphor  emits  light,  since  it  absorbs  energy. 
Infrared  Spectra 

average  position.  The  vibrational  energy  associated  with  any  given  atomic  displace- 
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» phonon. 

If  there  ere  N atoms  in  a unit  cell,  there  are  3N  different  vibrational  excitations 

sary  to  specify  the  displacements  of  every  atom  from  its  average  position.  When  two 
or  more  branches  cross  at  some  point,  the  vibrations  involved  are  different.  Only  the 
excitation  energies  associated  with  them  happen  to  be  the  same.  There  are  always 

through  the  crystal.  These  are  the  acoustic  branches.  The  remaining  3N-3  branches 
describe  the  optic  phonon  modes. 

Fig.  5.6  shows  the  real  part  of  optical  conductivity  in  the  far  infrared  region  for 
the  unactivated  calcium  thiogallate  single  crystals.  Kramers-Kronig  analysis  of  the 
single-bounce  reflectance  spectrum  was  done  by  following  the  high  and  low  frequency 
extrapolation  as  described  in  Chapter  III,  to  obtain  the  conductivity.  The  phonon 
modes  were  seen  more  clearly  in  the  conductivity  spectra.  Kramers-Kronig  analysis 
revealed  that  the  conductivity  is  dominated  by  a total  of  six  infrared-active  modes 
each  along  the  a-b  plane  and  c axis.Tho  results  indicated  a ratio  in  the  far-infrared 
conductivity  of  roughly  2:1,  with  the  higher  value  corresponding  to  the  c axis.  The 
dashed  line  shows  the  conductivity,  obtained  from  the  Kramers-Kronig  analysis,  and 
the  solid  line  shows  the  Drude  Lorentzian  fit  on  the  conductivity.102 

The  intensity  aiw-  in  each  phonon  line  is  related  to  the  effective  charge  that  is  car- 
ried by  each  ion.  In  addition  these  intensities  are  also  related  to  the  splitting  between 
the  transverse  optical  (TO)  and  longitudinal  optical  (LO)  phonon  frequencies.  Since 
the  TO  frequencies  involve  transverse  vibrations  of  the  atoms,  they  were  obtained 
directly  from  the  peak  position  in  the  absorption,  or  the  peak  position  in  the  real 
part  of  optical  conductivity.  Table.  5.1  shows  the  oscillator  parameters  and  the  TO 


phonon  frequencies  for  the  undoped  CaGa;Sr  + GasSi  single  crystals,  for 


light  polarized  parallel  and  perpendicular  to  the  c axis,  respectively,  with  an  accuracy 
of  ± 0.1  cm-'. 

Low  frequency  modes  are  made  up  of  the  vibrations  due  to  heavier  atoms  and 
high  frequency  modes  arc  made  up  of  the  vibrations  due  to  lighter  atoms.  In  the 
optical  conductivity  spectra  shown  in  Fig.  5.6,  for  the  undoped  single  crystals,  the 
phonon  mode  centered  at  380  cm'1,  for  light  polarized  parallel  to  the  c axis,  and 
374  cm-1  for  light  polarized  perpendicular  to  the  c axis  were  due  to  the  stretching 
of  the  sulphur  atom.  The  phonon  mode  centered  at  206  cm*1,  for  light  polarized 
parallel  to  the  c axis,  and  204  cm*1  for  light  polarized  perpendicular  to  the  c axis 
were  due  to  vibrations  of  the  calcium  atoms.  The  triple  mode  at  308  cm*1 , 321  cm*', 
and  336  cm*1,  for  light  polarized  parallel  to  the  c axis,  and  295  cm”1,  320  cm”1  and 
338  cm*1,  for  light  polarized  perpendicular  to  the  c axis  were  due  to  the  bending  of 
the  GarSs  tetrahedron.  The  phonon  mode  centered  at  276  cm”1,  for  light  polarized 
parallel  to  the  c axis,  and  274  cm*1,  for  light  polarized  perpendicular  to  the  c axis 

Fig.  5.7  shows  the  real  part  of  dielectric  constant  in  the  far  infrared  region.  The 
static  dielectric  constant  of  the  undoped  single  crystals  were  10.9  and  8.24  for  light 
polarized  parallel  to  the  c axis  and  perpendicular  to  the  c axis,  respectively.  A 
quantitative  analysis  of  the  intensity  and  linewidth  of  each  phonon  mode  led  to  a 
model  of  the  reflectance  using  a dielectric  function  consisting  of  six  Lorentz  oscillators 

at  higher  frequencies. 

Fig.  5.8  shows  the  far— infrared  loss  function  for  the  unactivated  single  crystals  ob- 
tained from  the  Kramers  Krouig  analysis.  LO  frequencies  involve  long-range  changes 
in  the  dipole  moment  along  the  direction  of  phonon  propagation  in  the  crystal.  In- 


Table.  5.1.  Parameters  of  Lorentz  fit  to  the  far  infrared 
reflectance  of  CaGa^Ss  4 GajSr  single  crystals,  for 
light  polarized  parallel  and  perpendicular  to  c axis. 


(cm"')  (cm-')  (cm"')  (cm"') 


32.9  120 

58.3  150 


1771.6  212 


135.6  374 


obtained  from 
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formation  about  the  center  frequencies  of  these  LO  oscillations  were  o 
the  peak  positions  in  the  loss  function.  The  Lyddane— Sachs— Teller  relation,  which 
is  jpven  below,  was  used  in  determining  the  TO-LO  splitting  in  lattice  vibrations: 


= («) 

Eqn.  48  is  valid  only  for  single  or  independent  oscillators.  For  multi-phonon  materials, 
a least  square  fit  to  the  reflectance  data  using  the  following  factorized  expression  for 

•h— <“> 

The  fitting  procedure  was  started  by  first  determining  the  TO  frequencies  from  the 
peak  maxima  of  <ri(w)and  using  equation  1.  After  determining  and  fixing  all  the 
TO  frequencies,  the  reflectance  data  were  fitted  using  a program  that  minimized 
Xs  ~ (R  — R/it )2  by  adjusting  the  other  parameters  in  Eqn.  20.  The  TO  and  LO 
frequencies  should  be  next  to  each  other  with  the  TO  frequency  having  a lower  value. 
For  light  polarized  parallel  to  the  c axis,  since  the  TO  mode  at  206  cm-1  carries  most 
of  the  spectral  weight,  the  corresponding  LO  mode  was  at  a much  higher  frequency. 

Fig.  5.9  a and  b shows  the  reflectance  in  the  far  infrared  region  and  the  real  part 
of  dielectric  constant  for  light  polarized  parallel  to  the  c axis  and  perpendicular  to  the 
c axis,  respectively,  for  the  cerium  activated  calcium  thiogallate  phosphor.  Due  to 
the  polycrystalline  nature  of  the  cerium  activated  phosphor,  only  isotropic  properties 
were  observed  for  polarized  measurements  in  the  sample.  Kramers- Kronig  analysis 
revealed  that  the  conductivity  was  dominated  by  a total  of  18  infrared— active  modes. 
Fig.  5.10(a)  shows  the  real  part  of  conductivity  and  and  Fig.  5.10(b)  shows  the  loss 
function.  The  dashed  line  shows  the  conductivity  obtained  from  the  Kramers-Kronig 
analysis  and  the  solid  line  shows  the  Drude/Lorentzian  fit  on  the  conductivity. 


71 


Table.  5.2.  Parameters  of  Lorentz  fit  to  the  far  infrared 
reflectance  of  CetCaGarSs  + GasSs  phosphor. 


50 

74 


62.5 

424 

211 

193 


80 


107.5 

120.5 
129 
140 
150 
157 

206 

224 


3.2 

4 

5.8 

5.8 


12 

10.5 

8 


108 

124 

131 


160 

180 

216 

250 

250 

284 

304 

314 

328 

355 

364 

379 

425 


Table.  5.2  shows  the  oscillator  parameters  and  the  TO  and  LO  phonon  frequencies 


i doped  Ce:CaGa2Ss  + GaaSr  phosphor. 


stretching  of  the  sulphur  atoms,  between  250  cm”1  and  380  cm”1  were  the  bending 
of  the  gallium  sulphide  tetrahedron,  at  275  cm-1  were  the  vibrations  of  the  gallium 
atoms  and  between  200  cm-1  and  240  cm-1  were  the  vibrations  of  the  calcium  atoms. 

Absorption  Spectra  and  Bandgap 

square  of  the  product  of  the  optical  absorption  coefficient,  o( w),  and  the  incident 
photon  energy  he  versus  the  photon  energy  hir  by  Eqn.  28.  The  optical  absorption  of 
the  CaGarSr  + GaiSs  single  crystal,  in  the  fundamental  absorption  edge  increased 
sharply,  which  indicates  that  the  single  crystals  have  a direct  energy  band  gap  struc- 

The  variation  of  (aAv)2  as  a function  of  the  incident  photon  energy  hv  is  shown 
in  Fig.  5.11  (a)  for  the  CaGajS*  + Ga,S}  single  crystals.  A weak  absorption  tail  is 
seen  below  the  exponential  part  of  the  absorption  edge.  Its  strength  and  shape  were 
reported  to  be  dependent  on  the  preparation  and  purity  of  the  material.101"105  By 
extrapolation  to  zero,  the  bandgap  of  the  undoped  single  crystals  were  found  to  be 
32,900  cm”1  (4.08  eV). 

Fig,  5,11  (b)  shows  the  variation  of  (o hvj2  as  a function  of  the  incident  photon 
energy  hv.  A strong  absorption  is  seen  between  22,000  cm-1  and  25,500  cm-1, 
which  is  the  absorption  of  cerium  into  its  3D  excited  state,  which  is  not  seen  in  the 
undoped  single  crystals.  Above  27,000cm-1  the  absorption  of  the  doped  phosphor 

which  is  lower  than  the  bandedge  of  the  host  crystal.  By  extrapolation,  the  optical 
energy  bandgap  of  the  Cerium  activated  CaGajSr  + Ga2Ss  phosphor  is  found  to  be 
28,000  cm-1  (3.47  eV)  with  an  accuracy  of  ± 0.02  eV.  The  reason  for  plotting  (ahvf 
as  the  ordinate  rather  than  a 2 was  explained  in  Chapter  HI. 
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activated  phosphors  (upper  panel),  and  for  the  unactivated  single  crystals  (lower 
panel).  In  the  midiufrared  region  and  the  visible  region  the  refractive  index  were 
found  to  be  nearly  constant  at  2.0,  with  the  refractive  index  of  the  undoped  single 
crystals  being  slightly  lower  than  that  of  the  doped  phosphors,  which  is  associated 
with  the  higher  bandgap  of  the  undoped  single  crystals. 


Discussion 

In  this  chapter,  a set  of  frequency-dependent  optical  spectral  functions  from  the 
far  infrared  through  the  ultraviolet  region  for  the  unactivated  and  the  cerium  activated 
calcium  thiogallatc  phosphors  were  presented.  X-Ray  diffraction  studies  on  the  crystal 
show  that  calcium  thiogallate  is  an  orthorhombic  crystal  with  lattice  parameters 
a=20.087A,  b=20.087A  and  c=12-U2A.  Group  theory  studies  show  that  there  are 
224  atoms  per  unit  cell.  Hence  there  arc  669  optical  phonon  modes,  out  of  which 

The  phonon  modes  of  lighter  atoms  are  seen  at  higher  frequencies  and  heavier 
atoms  are  seen  at  lower  frequencies.11*  Gallium  and  sulphur  form  a tetrahedron, 
and  sulphur  being  the  lightest,  its  phonon  mode  is  observed  at  a higher  frequency 
compared  to  gallium.  In  between  the  phonon  modes  of  gallium  and  sulphur,  a triple 
mode  is  seen,  which  is  due  to  the  reduced  mass  of  gallium  and  sulphur,  in  the  gallium 
sulphide  tetrahedron.  Vibrations  of  the  calcium  atoms  are  observed  at  even  low 

transmittance  measured  perpendicular  to  the  c axis  or  parallel  to  the  c axis.  But  the 


measured  reflectance  in  the  far  infrared  region  was  very  similar,  for  both  the  direc- 
tions of  polarizations  as  seen  in  Fig.  5.9(a).  This  is  because,  in  the  doped  samples,  the 

polycrystalline  in  nature.  The  undoped  single  crystals  show  a very  strong  anisotropy 
in  the  far  infrared  region,  as  can  be  seen  in  Fig.  5.3(a)  and  (b).  This  shows  that  the 
undoped  crystals  are  single  domain  crystals. 

The  optical  absorption  spectra  shown  in  Fig.  5.11(b)  for  the  CerCaGazSs  shows 
very  strong  absorption  between  22,000  cm"1  and  25,000  cm-1,  which  is  the  impurity 
optical  absorption  peak  due  to  the  cerium  dopant,  which  can  be  seen  in  both  the 
reflectance  and  transmittance  spectra  for  the  doped  crystals  in  this  frequency  region. 
This  absorption  peak  which  arises  from  the  electron  transitions  between  the  energy 
levels  of  the  Ce°*  ion,  explains  the  luminescent  nature  of  the  cerium  doped  single 
crystals.  In  the  optical  absorption  spectra  shown  in  Fig.  5.11(a)  for  the  unactivated 
CaGazSt  +GajSj  single  crystals,  no  absorption  was  seen  in  this  frequency  region. 
Since  emission  is  followed  by  absorption,  only  the  doped  CaGagSs  can  emit  light. 
The  emission  band  of  calcium  thiogallate  is  located  at  longer  wavelengths  than  are 
generally  observed  for  cerium  in  oxide  hosts.  This  spectral  shift  is  a consequence  of 
the  nephclauxetic  effect.101 

Form  the  width  of  the  absorption  band,  it  is  possible  to  estimate  how  large  the 
difference  in  chemical  bonding  between  the  excited  state  and  the  ground  state  (AR) 
is.  The  value  of  AR  measures  the  strength  of  the  interaction  between  the  electrons 

thiogallate  is  very  broad,  showing  that  the  coupling  is  strong. 

27,500  cm-1,  for  the  doped  phosphor  which  is  the  absorption  near  the  band  edge 
of  the  impurity  Ga^Ss,  present  in  the  Ce:CaGAzSs.  The  bandgap  of  the  undoped 


single  crystals  obtained  from  the  absorption  spectrum  was  4.08  eV,  whereas  for  the 
doped  phosphors,  the  bandgap  was  at  3.47  eV.  The  impurity  present  in  CetCaGa^S, 
is  GarSj,  which  has  a bandgap  of  3.31  eV.1  Hence  the  bandgap  of  CeCaGarSr  is 
much  lower  than  that  of  CaGagSs. 

One  reason  for  the  shift  in  the  bandgap  towards  lower  or  higher  frequencies  is 
the  stress  on  the  crystal  due  to  the  presence  of  impurity  atoms.  In  a perfect  infinite 
crystal,  there  are  no  electron  energy  levels  in  the  forbidden  band.  However,  there  are 
always  some  departure  from  a perfect  periodic  field,  due  to  the  presence  of  impurity 

the  crystal  atoms,  can  introduce  stress  on  the  crystal,  due  to  difference  in  radii  of  the 
host  and  the  impurity.  The  levels  making  up  the  valence  band  maximum  can  shift 

each  other.79  There  is  an  abundance  of  literature  on  the  studies  of  doping  on  other 
degenerate  semiconductors  such  as  germanium107  and  InSb1M.  These  authors  have 
observed  shifts  in  the  absorption  edge  both  toward  shorter  and  longer  wavelength  as 
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5.1.  Excitation  and  emission  spectra  for  (a)  Cerium  doped  CaGasSs  + 
3a.; Sj  single  crystal  (b)  unactivated  CaGa;S;  + Ga;Si  single  crystal. 
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CaGa^Sc  + GajSj  single  crystal. 
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Fig.  5.3.  Room  temperature  reflectance  spectrum  of  a 45  pm  thick  CaGa?S« 
4-  G a2  S3  single  crystal  (a)  measured  along  the  c axis  (b)  measured  on  the 
same  sample  on  the  ah  plane. 
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Fig.  5.4.  Room  temperature  transmittance  spectrum  of  a 45  pm  thick 
CaGanSc  + GarSs  single  crystal  (a)  measured  along  the  c axis,  (b)  mea- 


80 


Wavelength  (nm) 


CaGasSr  + Ga?Sj  single  crystal  activated  with  Cerium  (b)  reflectance 
spectrum  measured  on  the  same  sample. 
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Fig.  5.7.  The  real  part  of  the  dielectric  constant  of  the  unactivated  C&Ga;S« 
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Fig.  5.8.  The  loss  function  of  the  unactivated  CaGajS*  + Ga;S)  single  crystal 
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Fig.  5.9.  (a)  The  reflectance  of  the  cerium  activated  CaGazSs  + Ga^Ss  single 
crystal  in  the  far  infrared  region,  (b)  The  real  part  of  dielectric  constant 
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Fig.  5.11.  Absorption  spectra  of  CaGaaSs  + GaaSs  single  crystal.(a)  unacti- 
vated (b)  activated  with  Cerium. 
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single  crystal  (b)  unactivated  CaGasSs  + GajSa  single  crystal. 


CHAPTER  VI 

OPTICAL  STUDIES  OF  THIN  FILMS  OF 
CERIUM  DOPED  CALCIUM  THIOGALLATE 

This  chapter  discusses  the  optical  properties  of  the  amorphous  and  polycrystalline 
thin  films  of  cerium  doped  CaGa-sSs . The  characteristics  of  the  thin  films  are  not  iden- 
tical with  those  of  the  bulk  material  from  which  it  is  prepared.  The  optical  properties 
of  the  thin  films  depend  on  the  conditions  of  formation  of  the  film,  for  example  the 

the  vibrational  features  of  the  thin  films  versus  the  bulk  crystalline  material  can 
be  studied.110-115  The  optical  constants  were  determined  Rom  the  reflectance  and 

Transmittance  and  reflectance  of  a thin  film  is  usually  complicated  due  to  the  fact 
that  the  film  is  deposited  on  a substrate.  The  quantities  which  are  desired  are  the 
transmittance  and  reflectance  of  light  through/by  the  film.  But  the  measured  trans- 
mittance and  reflectance  arc  the  transmittance  and  reflectance  of  light  through/by 
the  film  and  the  substrate.  Hence,  in  this  study,  the  transmittance  and  reflectance 
of  the  substrate  were  measured  over  the  same  frequency  region  as  that  of  the  film  on 
the  substrate  and  the  optical  properties  were  determined  before  the  analysis  of  the 

Annealing  of  the  as-dcpositcd  CaGa2Sr  thin  films  resulted  in  polycrystalline  films, 
in  which  the  experimentally  measured  spectra  show  a complicated  mixture  of  in- 
plane and  out-of-plane  response.  The  infrared  phonons  of  these  samples  showed 


vhich  were  explained  based  on  the 


axis  phonons  in  oriented  single  crystals.  The  specti 
very  much  dependent  on  factors  such  as  material  prep 
treatments115  and  degree  of  orientation.  The  optical  r 
characterised  by  an  effective  average  contribution  fro 

theoretical  calculation  predicted  by  a model  of  effectiv 


ra  of  polycrystalline  films  are 
raration  techniques,114  surface 
response  of  the  thin  films  were 
mi  the  single  crystal  ab-plane 
of  the  experimental  data  with 


Thin  films  of  CaGazSr  doped  with  cerium  ion  were  prepared  by  rf  magnetron 
sputtering  from  the  respective  thiogallate  targets.  The  films  were  amorphous  as 
deposited.  Crystallization  and  activation  were  achieved  by  post  deposition  annealing 
at  500°  C for  two  hours  in  nitrogen  atmosphere. 


Optical  Properties  of  Amorphous  Thin  Films  of  CeiCaGavS., 

Fig.  6.1  shows  the  transmittance  and  reflectance  spectra  of  the  2.45  pm  thick 
cerium  doped  CaGagSr  film  as-deposited  on  a 0.1cm  thick  glass  substrate.  The  dashed 
line  is  the  experimental  data  and  the  solid  line  shows  the  calculated  value  obtained 
from  a single  set  of  oscillator  parameters  which  fit  independently  both  the  reflectance 

transmittance  spectra.  These  were  due  to  multiple  internal  reflectance  from  the  front 
and  back  surface  of  the  film.  The  measured  optical  properties  of  the  glass  substrate 
were  used  in  the  calculation.  The  details  of  the  optical  properties  of  the  substrate 
will  be  discussed  in  Chapter  VII. 

In  Fig.  6.1(a),  no  transmittance  is  observed  below  2,000cm-1.  This  is  because 
the  substrate,  which  is  glass,  is  opaque  below  2,000  cm-1.  Above  29,000  cm-1  the 


the  band  edge  of  the  thin  film  is 


1.  Tlie  far  infrared  : 


Sg  6.1(b).  The  optica]  features  at  689  cm*1  and  1,040  cm'1  are  the  phonon  modes 
of  glass. 

Pig.  6.2  (a)  and  (b)  shows  the  far  infrared  reflectance  and  the  optical  conduc- 
tivity of  the  amorphous  thin  films.  The  optical  conductivity  is  obtained  from  the 

Table.  6.1  shows  the  oscillator  parameters  and  the  TO  and  LO  phonon  frequencies 
for  the  amorphous  cerium  doped  CaGasSs  films.  Up j,  uj,  and  ~tj  are  the  oscillator 
strength,  center  frequency  and  line  width  of  the  jth  oscillator,  which  were  discussed 

The  reflectance  of  amorphous  cerium  doped  CaGajSs  film  is  dominated  by  a total 
of  five  phonon  modes.  These  phonon  modes  are  at  130  cm-1,  140  cm-1,  206  cm"1, 
339  cm-1  and  350  cm'1.  The  phonon  modes  at  350  cm-1  and  206  cm-1  are  the 
stretching  of  the  sulphur  atom,  and  the  vibrations  of  the  calcium  atom  respectively. 
The  phonon  modes  at  339  cm'1  is  the  bending  mode  of  the  GajSs  tetrahedron. 

Optical  Properties  of  Polvcrvstalline  Thin  Films  of  CciCaGasSs. 

Fig.  6.3  (a)  and  (b)  shows  the  transmittance  and  reflectance  of  the  polycrystalline 
thin  films  of  CeiCaGajSe  deposited  on  glass  substrate.  The  reflectance  and  trans- 
mittance are  plotted  on  a logarithmic  frequency  scale.  Around  25,000  cm-1,  fringes 

spectra.  This  is  the  absorption  of  the  cerium  ion  into  its  2D  excited  state.  The  far 

total  of  fifteen  phonon  modes  arc  seen  in  the  far  infrared  reflectance  spectrum. 

Fig.  6.4  shows  the  far  infrared  reflectance  and  the  real  part  of  conductivity,  of  the 
polycrystalline  thin  films  of  CciCaGa^S, . The  conductivity  in  the  far  infrared  region 
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Table  6.1.  Parameters  of  Lorentz  fit  to  the  reflectance  of  amor- 
phous thin  films  of  CerCaGazSr. 


Oscillators  Ufj  Wj(toro)  V uLO 

(cm-')  (cm-)  (cm-')  (cm"') 


130  60 

140  300 

206  75 

339  75 

350  80 

30,000  800 


33.000  2,000 

39.000  40,000 


was  obtained  from  the  set  of  oscillator  parameters  used  in  fitting  the  reflectance. 
Table.  6.2  shows  the  oscillator  parameters  and  the  TO  and  LO  phonon  frequencies 
for  the  polycrystalline  CctCaGajSs  thin  films  in  the  far  infrared  region.  The  phonon 
modes  observed  above  340  cm-'  are  the  stretching  of  the  sulphur  atoms.  The  phonon 
modes  observed  at  210  cm-'  and  227  cm—  are  the  vibrations  of  the  calcium  atoms. 
The  phonon  modes  observed  between  240  cm-'  and  340  cm”'  are  the  bending  modes 
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Table,  6.2.  Parameters  of  Lorentz  fit  to  the  reflectance  of  poly- 
crystalline  CezCaGaaSs  thin  films. 


Oscillators  Upj  7>  wto 

(cm-')  (cm-1)  (cm-')  (cm'1) 


32 

45 

43 

80 

220 

80 

114 

113 

72 

140 

182 

180 

152 

1000 

1500 


1000 


123 

141 

151 

235 


Qpti<-fl]  Properties : 


the  band  gap.  The  absorption  edge  associated  with  the  electronic  transitions  between 
the  valence  and  conduction  bands  in  the  crystal  begin  at  the  absorption  edge.  In 
Fig.  6.5  (a)  and  (b),  (ohv)2  are  plotted  as  a function  of  the  phonon  energy,  for 
the  amorphous  and  the  polycrystalline  thin  films.  Since  the  increase  in  [ahv)2  as  a 
function  of  the  photon  energy  hv  is  very  sharp  at  the  absorption  edge,  these  materials 

The  band  gap  for  the  amorphous  and  polycrystalline  thin  films  are  obtained  from 
the  spectra  shown  in  Fig.  6.6(a)  and  (b),  respectively,  by  a linear  extrapolation  of 
(ahv)2  to  too.  The  bandgap  is  29,100  cm”1  (3.61  eV)  and  32,900  cm"1  (4.08  eV), 
for  the  amorphous  and  polycrystalline  thin  films,  respectively. 

Fig.  6.6  (a)  and  (b)  shows  the  refractive  index  and  extinction  coefficient  of  the 
amorphous  and  polycrystallino  thin  films  of  CetCaGasSs  in  the  visible  region.  The 
refractive  index  increased  slightly  with  frequency.  For  the  polycrystalline  thin  films, 

the  refractive  index  is  2.008  at  10,000  cm-1  and  2.013  at  25,000  cm"1,  whereas 
for  the  amorphous  thin  films  these  values  are  2.155  at  10,000  cm"1  and  2.172  at 
25,000  cm"1.  The  refractive  index  for  the  polycrystalline  thin  films  are  very  similar 
to  the  refractive  index  of  the  CeiCaGaaSs  bulk  crystal  discussed  in  Chapter  V.  The 
lower  refractive  index  of  the  polycrystalline  thin  films  compared  to  the  amorphous  thin 
films  is  associated  with  a shift  of  the  fundamental  absorption  spectra  towards  higher 
frequencies.  The  extinction  coefficient  for  the  thin  films  is  very  low  in  the  visible 
region  due  to  the  transparent  nature  of  the  thin  film.  Fbr  the  polycrystalline  thin 
films  the  extinction  coefficient  was  0.00081  at  10,000  cm"1  and  0.0039  at  25,000  cm"1, 
whereas  for  the  amorphous  thin  films  these  values  were  0 
0.0047  at  25,000  cm"1. 


0.00035  at  10,000  < 


Fig.  6.7(a)  and  (b)  shows  the  teal  part  of  dielectric  constant  of  thin  films  of 
amorphous  and  polycrystalline  CeiCaGajSs.  The  static  dielectric  constant  of  the 
amorphous  thin  films  is  11.75  and  that  of  the  polycrystalline  thin  films  is  7.46.  The 

constant  of  the  thin  films,  which  is  the  dielectric  constant  at  high  frequencies  is 
obtained  by  fitting  the  reflectance  and  transmittance,  and  is  found  to  be  4.0. 


Photolummescence 

The  photolumiuescence  spectra  of  the  polycrystalhne  thin  films  of  CcrCaGagSs 
and  for  comparison  the  photoluminescence  of  the  CetCaGazSj  bulk  crystals  are  shown 
in  Fig.  6.8.  These  samples  were  excited  at  365  nm  using  a xenon  lamp  and  a UV 
filter.  No  photoluminescencc  was  observed  in  the  amorphous  thin  films. 

The  emission  spectra  of  the  polycrystalline  thin  films  are  blue  shifted  when  com- 
pared to  that  of  the  bulk  crystals.  This  is  because  the  5d  excited  state  of  the  cerium 
ion  has  a strong  interaction  with  the  crystal  field  of  the  host.  Hence  a change  in  the 

The  presence  of  oxygen  in  the  thin  films  will  also  result  in  blue  shift  in  thiogallates, 
since  oxygen  replaces  the  sulphur  ligands.118 

EflatuB-Msditim  Approximation 

The  far  infrared  spectra  of  the  single  crystals  of  CaGs’S,  has  a very  strong 
anisotropy  for  light  polarized  parallel  and  perpendicular  to  the  c axis.  For  these  crys- 
tals f„  as  n (c.  The  infrared  spectra  of  a CaGa-jS,  polycrystalline  thin  film  can 
be  regarded  as  a randomly  inhomogeneous  media  consisting  of  a mixture  of  grains 
polarized  parallel  and  perpendicular  to  the  c axis.  An  effective  medium  is  the  equiv- 


exhibits  the 


wavelength  range  os  the  microscopically  inhomogeneous  material  it  represents. 

The  propagation  of  an  electromagnetic  wave  in  an  inhomogeneous  medium  in- 
volves the  scattering  of  the  wave  by  the  inhomogenities.  If  the  wavelength  is  large 
compared  with  the  size  of  the  inhomogenities,  the  wave  is  unable  to  resolve  the  indi- 
vidual scattering  centers  and  the  medium  appears  to  be  homogeneous  and  the  medium 
can  be  treated  as  if  it  were  uniform  with  an  effective  dielectric  function  ee//(w)  60 

For  large  inhomogenities,  the  scattered  intensity  has  an  angular  dependence.  In 
an  anisotropic  material,  which  can  be  taken  as  a uniaxial  crystal,  let  the  wave  vector 
of  the  propagating  light  q make  an  angle  0 with  the  c axis.  The  dielectric  function  is 

<“> 


where  eii  and  ex  are  the  ab-planc  and  the  c-axis  dielectric  function,  respectively.  At 
q ||  c,  9 = 0,  the  propagation  is  along  the  c-axis  and  the  G field  is  polarized  in  the 
ab-plane,  so  that  <«//  = eg.  When  8 = s/2  (9  A c),  the  propagation  is  perpendicular 
to  the  c-axis  and  the  E field  is  polarized  in  the  c-axis  or  perpendicular  to  the  ab-plane, 


A polycrystalline  thin  film  can  be  considered  as  a collection  of  large  number  of 
crystallites.  The  c axis  of  the  itfc  crystallite  makes  an  angle  8,  with  the  wave  vector  q. 
Let  us  assume  that  the  response  of  the  system  can  be  characterized  by  an  ensemble 


and  39.  The  reflectance  is  then  determined  by 


The  t|  and  ex  derived  from  the  Kramers-Kronig  transformations  of  the  ab  plane 
reflectance  and  the  c axis  reflectance  of  the  single  crystals  were  used  to  calculate  the 
effective  dielectric  function. 

Fig.  6.9  shows  the  calculated  reflectance  at  0=  10°,  0°and  30° according  to  Eqn.  52 
at  room  temperature,  and  the  measured  reflectance  of  the  polycrystalline  thin  films.  It 
turned  out  that  the  calculated  results  at  0 = 10°  give  a reasonable  good  fit  throughout 

The  approach  discussed  above  is  appropriate  if  A < d,  where  d is  the  grain  size. 
If  the  wavelength  of  the  incident  light  is  less  than  the  grain  size  (A  «£  d)  in  the 
polycrystalline  thin  film,  then  the  effective  total  reflectance  can  also  be  approximated 
by  averaging  over  the  individual  reflectivities  of  the  randomly  orientated  grains: 


deposited  on  glass  substrate  and  the  reflectance  measured  for  the  bulk  phosphor.  The 
solid  line  shows  the  effective  reflectance  calculated  from  the  reflectance  of  the  single 
crystals  of  calcium  thiogallate,  for  light  polarized  parallel  and  perpendicular  to  the  c 

If  the  size  of  an  individual  grain  is  large  compared  with  atomic  dimensions,  but 
small  compared  to  the  wavelength  of  far  infrared  radiation  (50-1000  pm),  then  on 


(52) 


*.//(“)  = |*±  + §*!• 


(53) 


Fig.  6.10(a)  and  (b)  shows  the  measured  reflectance  for  the  polycrystalline  thin  films 


and  have  a well  defined  effective  dielectric  response  function.*8  The  derivation  of  an 
effective  medium  model  proceeds  as  follows: 

expressed  in  terms  of  their  dielectric  functions. 

2.  The  electrostatics  problem  of  a uniform  field  applied  to  the  mixture  in  terms 
of  the  microscopic  electric  and  displacement  fields  is  solved. 

3.  The  volume  is  averaged  to  calculate  the  observed  properties. 

Suppose  a laminar  sample  consists  of  separate  regions  of  dielectric  functions, 
(„  and  (ft,  with  the  field  E applied  parallel  to  the  laminations.  By  the  boundary 
conditions  on  tangential  E,  the  microscopic  field  everywhere  in  the  sample  is  equal 
to  the  applied  field,  e(r)  = E.  But  the  local  displacement  is  either  eaE  or  (ftE 
depending  on  whether  the  point  r is  located  within  material  a or  material  b.  Since 
the  macroscopic  displacement  field  D is  the  average, 

<e//  = /«.  + (l-/)«a,  (54) 

where  f is  the  volume  fraction  of  the  a phase.  The  same  calculation  is  repeated  for 
the  field  perpendicular  to  the  laminations  in  which  case  the  microscopic  electric  field, 
e(r)  = Dj'a  or  D/ei  depending  on  whether  r is  in  a or  b.  The  average  is 

!/«.//  = //«.  + (1  - /)/«*-  (55) 

The  purpose  of  the  effective  medium  model  is  to  account  for  the  effects  of  the  screening 


(«.//  - <*)/(«.//  + **)  = /('.  - «*)/(<•  + 2**)  + (1  - /)('»  - «*)/(«*  + 2*l)i  (5«) 


where  e/,  is  a host  dielectric  function  that  takes  the  values  c„  or  (ft  if  the  composite 
consists  of  isolated  inclusions  of  b in  a or  of  a in  b,  respectively,  or  <e//  if  the  phases 
are  randomly  mixed.  The  corresponding  expressions  are  the  “effective  medium  ap- 
proximation" (EMA)"®'120  introduced  by  Bruggeman,  and  “Maxwell-Garnett  the- 
ory" (MGT)1!1  due  to  Garnett.  Both  these  models  provide  an  expression  for  the 
dielectric  function  of  a homogeneous  medium  with  properties  identical  to  those  of  the 


given  by: 


of  S||  be  f,  the  dielectric  function  in  the  EMA  ao 

3/(c|-«l) 

‘MOT  + — /)(«,- ej.J+fcj. 


. MGT  models  are 


(57) 


fl  = (3/-l)e,+(2-3/)<J..  (59) 

between  MGT  and  EMA  is  the  way  in  which  the  medium  surrounding  the  grain  under 
consideration  is  treated.  In  the  MGT,  it  is  assumed  that  the  medium  surrounding  the 
grains  is  one  of  the  constituents  of  the  mixture.  The  MGT  treats  the  two  constituents 
in  the  mixture  differently.  In  the  EMA,  the  medium  surrounding  the  grain  is  assumed 
to  be  characterized  by  the  effective  properties  of  the  inhomogeneous  medium. 

Fig.  6.11  and  Fig.  6.12  shows  the  measured  and  calculated  reflectance  using  the 
EMA  or  MGT  models  respectively.  Here  /uft  is  the  fraction  of  ab-planes  probed  by 
the  incident  electric  field  E.  The  best  fit  for  the  EMA  and  MGT  model  is  obtained 
when  the  fraction  fah  = 0-1- 


Discussion 

The  sharp  vibrational  features  observed  for  the  polycrystalline  samples  in  Fig.  6.5 
are  due  to  the  existence  of  long  range  order  of  the  atoms.  If  the  long  range  crystalline 
order  was  destroyed,  the  sharp  structural  detail  which  is  typical  for  crystals  would 
disappear.  This  can  be  seen  for  the  amorphous  thin  films  in  Fig.  6.2.  The  broad 
features  were  due  to  only  short  range  order  being  present  in  amorphous  thin  films. 
The  general  features  of  the  optical  conductivity  of  both  the  amorphous  (Fig.  6.2(b)) 
and  polycrystalline  (Fig.  6.5(b))  thin  films  curves  were  similar  and  the  agreement  can 
be  made  better  by  broadening  the  vibrational  spectra  of  the  polycrystalline  thin  film 
by  properly  chosen  parameters.  Thus  the  density  of  states  of  vibrations  in  these  films 
are  not  significantly  changed  by  long  range  order. 

In  addition  to  the  increased  breadth  of  the  vibrational  features,  the  short  range 

the  polycrystalline  thin  films.  There  are  only  five  phonon  modes  in  the  amorphous 
thin  films  as  compared  to  the  fifteen  phonon  modes  identifiable  in  the  polycrystalline 
thin  films.  In  amorphous  materials  all  the  absorption  bands  should  be  seen  at  ap- 

this  did  not  happen  for  the  vibrational  spectra  of  the  amorphous  thin  films  of  cerium 
doped  calcium  thiogallate  thin  films  due  to  the  broadening  of  the  vibrational  spectra. 
From  Table.  6.1,  it  can  be  seen  that  the  linewidth  7,  of  the  phonon  modes  for  the 
amorphous  thin  film  is  very  large  as  compared  to  the  polycrystalline  thin  films  in  Ta- 
ble. 6.2.  The  broadening  is  so  large  that  some  of  the  bands  disappear,  which  explains 
the  reduced  number  of  phonon  modes  detectable  in  the  amorphous  thin  films. 

From  Fig.  6.2  we  see  that  the  strongest  phonon  modes  are  observed  at  190  cm-1 
and  350  cm-1.  These  vibrations  can  be  interpreted  as  consisting  of  rigid  sublattice 
motions,  with  each  sulphur  atom  vibrating  opposite  to  its  two  neighboring  calcium 
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and  gallium  atoms,  and  each  calcium  or  gallium  atom  vibrating  opposite  to  the  aul- 

infrared  active  crystalline  vibrations  which  are  more  dependent  on  unit  cell  structure 
and  symmetry  arc  not  observed  in  Table.  6.2. 

No  photoluminesceucc  was  observed  in  the  Ce:CaGa;S(  amorphous  thin  films. 
Cerium  as  an  activator  in  the  amorphous  thin  films  appears  to  be  unimportant  from 
the  point  of  view  of  absorption  in  the  thin  films.  This  is  because  in  the  amorphous 
state  the  structure  adjusts  itself  so  that  all  the  valence  bonds  are  satisfied.78  The 
distinct  absorption  peak  associated  with  cerium  doping  seen  in  Fig.  6.6(b)  for  the 
polycrystalline  thin  film  is  absent  for  the  amorphous  thin  film.  Instead,  in  the  amor- 
phous thin  films,  the  luminescent  center  only  contributes  to  fluctuations  of  the  internal 
potential.  In  the  optical  spectra,  doping  increases  the  absorption  near  the  absorption 
edge,  for  the  polycrystalline  thin  films.  This  can  be  seen  from  the  transmittance 

absorption,  between  20,000  cm'1  and  25000  cm"1. 

The  absorption  edge  of  an  amorphous  material  shifts  either  towards  lower  or 
higher  energies,  when  it  is  crystallized.  FVom  Fig.  6.5(a)  and  (b),  the  absorption 
edge  shifts  towards  lower  energies,  for  amorphous  versus  crystalline  CerCaGagSs. 
The  bandgap  for  the  polycrystalline  thin  films  were  4.08  eV,  whereas  the  bandgap 
of  amorphous  thin  films  were  3.61  eV,  which  is  associated  with  a higher  value  for 
the  refractive  index  as  compared  to  the  polycrystalline  thin  films.  The  bandgap 
of  the  bulk  crystalline  material  is  4.03  eV,  which  was  discussed  in  Chapter  V.  The 
bandgaps  for  the  polycrystallinc  thin  films  were  significantly  higher  than  that  of  the 
amorphous  thin  films,  but  very  close  to  that  of  the  bulk  single  crystals.  This  shift  in 
the  absorption  edge  of  the  amorphous  thin  films  might  be  due  to  the  voids  present 
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The  far  infrared  properties  of  inhomogeneous  materials  arc  in  agreement  with  the 
ideas  of  the  effective  medium  approximation.  The  effective  complex  dielectric  function 
that  characterizes  these  materials  depends  on  the  concentrations  of  the  constituents, 
the  properties  of  the  individual  constituents,  their  sizes  and  the  method  of  preparation 
of  the  sample.  Both  scattering  and  absorption  remove  energy  from  a beam  of  light 
traversing  the  medium.  If  light  traverses  a perfectly  homogeneous  medium,  it  is  not 

6.12,  the  calculated  reflectance  using  both  EMA  and  MGT  approaches  is  essentially 
higher  than  the  experimental  data,  because  scattering  is  not  included  in  these  models. 

ing  mechanism.124  The  contribution  due  to  ionized  impurity  scattering  and  optical 
lattice  scattering  were  calculated  and  it  was  found  that  the  contribution  due  to  these 
two  scattering  mechanisms  are  small.  The  measured  reflectance  in  the  far  infrared  re- 

to  absorption  in  the  thin  films  arising  from  surface  roughness  and  grain  boundary 
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amorphous  CeiCaGarS*  film  deposited  on  a glass  substrate.  The  dashed 
line  represent  the  measured  data  and  the  solid  line  represents  the  ealeu- 
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Fig.  6.2.  Far  infrared  reflectance  and  conductivity  of  amorphous  CetCaGagSs 
thin  film  on  glass  substrate. 
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Fig.  6.3.  Reflectance  and  transmittance  in  the  entire  measured  range  of  a 
2.45  pin  thick  polycrystalline  Ce:CaGajS<  film.  Note  the  logarithmic 
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polycrystallioe  Ce:CaGa2S<  film. 
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thin  film,  (b)  polycrystalliue  Ce:CaGazS4  thin  film. 
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Fig.  6.6.  Refractive  index  and  extinction  coefficient  of  thin  films  of  amorphous 
and  polycrystalline  Ce:CaGa2S4. 
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Fig.  6.7.  Real  part  of  dielectric  constant  of  thin  61ms  of  amorphous  and 
polycrystalline  CecCaGagSs- 
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6.8  Photoexcitation  and  emission  spectra  of  (a)  polycrystalline  thin  films 
of  Ce:CaGasSs  on  glass  substrate,  (b)  single  crystals  of  Ce:CaGa2S<. 


Fig.  6.9  The  solid  lines  show  the  reflectance  in  the  far  infrared  region  of 
polycrystalline  thin  flints  of  Ce:CaGa;S«.  The  dashed  line  represents  the 
calculated  reflectance  using  Eqn.  52. 
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Fig.  6.10  The  solid  lines  show  the  reflectance  in  the  far  infrared  region  of  the 
polycrystalline  thin  films  of  Ce:CaGa2S<.  The  dashed  line  represents  the 
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Fig.  6.11  The  solid  lines  show  the  reflectance  in  the  far  infrared  region  of 
polycrystalline  thin  films  of  Ce:CaGa;S*.  The  dashed  line  represents  the 
calculated  reflectance  using  the  EMA  theory. 
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calculated  reflectance  using  the  MGT  theory. 


CHAPTER  VH 

OPTICAL  PROPERTIES  OF  CERIUM 
DOPED  CALCIUM  THIOGALLATE  DEVICE 

This  chapter  describes  the  optical  properties  of  layered  device  structure  based 
on  Ce:CaGajS4  phosphor.  Thin  film  electroluminescent  (TFEL)  devices  used  for 
flat  panel  displays  arc  based  on  a M1SIM  (metal-insulator-semiconductor-insulator- 
metal)  heterostructure,  which  was  discussed  in  Chapter  II,  and  shown  in  Fig.  2.1.  The 
high  electric  field  accelerates  the  electrons  through  the  phosphor  layer,  exciting  the 
luminescent  centers  on  their  path,  causing  them  to  generate  light.  Insulators  provided 
on  either  side  of  the  phosphor  layer  limit  the  current  transported  across  the  devices. 
The  top  and  bottom  electrodes  make  electrical  contact  to  the  drive  electronics  thereby 
completing  the  device  structure.  The  bottom  electrode  is  normally  transparent  to 
permit  viewing  of  the  emitted  light. 

Corning  7059  glass  was  used  as  the  substrate  for  the  present  samples.  Indium 
tin  oxide  (ITO)  and  aluminium  oxide/titanium  oxide  (ATO)  were  the  electrode  and 
the  insulator,  respectively.  A 0.03  pm  thick  zinc  sulphide  (ZnS)  nudeation  layer  was 
used  to  initiate  the  growth  of  crystalline  calcium  thiogallate  films. 

To  model  the  measured  reflectance  and  transmittance  of  the  device,  the  optical 
constants  of  the  substrate  and  all  the  intermediate  layers  were  determined.  The  op- 
tical constants  of  thin  films  of  ITO,  ATO,  and  ZnS  were  determined  independently, 
by  measuring  the  reflectance  and  transmittance  of  these  films  deposited  on  a glass 
substrate.  The  reflectance  and  transmittance  were  fitted  using  a set  of  oscillator 
parameters  as  discussed  in  Chapter  III,  from  which  all  the  optical  constants  were 
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sured  and  compared  with  that  of  the  Ce:CaGa2S(  single  crystals  and  thin  films  of 
Ce:CaGa2S4  deposited  on  glass  substrate. 


Pig.  7.1  shows  the  reflectance  and  transmittance  of  the  CeiCaGajSr  based  device 
structure,  measured  from  30  cm-1  to  48,000  cm-1.  In  the  layered  device  structure 
studied,  Ce:CaGa2Si  is  deposited  on  an  1TO  coated  glass,  with  ATO  and  ZnS  layers 

Fig.  7.1(a).  This  is  because  of  the  ITO  layer  which  is  opaque  in  the  far  infrared 
region.  Above  30,000  cm-1,  the  transmittance  decreased  since  the  bandgap  of  the 
device  was  approached.  Between  7,000  cm-1  and  30,000  cm-*,  the  transmittance  is 
very  high.  Interference  fringes  are  observed  in  this  region  due  to  multiple  internal 

The  reflectance  in  the  far  infrared  region  is  very  high  as  can  be  seen  from 
Fig.  7.1(b)  due  to  the  presence  of  free  carriers  in  the  ITO  layer.  In  addition  to 
this,  phonon  modes  from  the  different  layers  are  also  seen  in  the  reflectance  spec* 
tram.  Above  7,000  cm-1,  the  reflectance  is  very  low  and  a complex  fringe  pattern  is 
observed  due  to  multiple  internal  reflectance,  from  the  interfaces  of  the  various  layers. 

Fig.  7.2  shows  (ohi/)2  as  a function  of  the  photon  energy.  From  the  absorption 
spectrum,  it  is  seen  that  above  32,000  cm-1  the  film  becomes  absorbing  since  the 
fundamental  absorption  edge  of  the  device  is  reached.  The  band  gap  is  obtained  by  a 
linear  extrapolation  of  (cihf)2  to  zero.  The  TFEL  device  studied  had  a band  gap  of 
32,900  cm-1  (4.08eV),  and  is  shown  in  Table.  7.5.  The  bandgap  of  the  TFEL  device  is 
expected  to  be  the  bandgap  of  the  layer  having  the  lowest  bandgap.  In  order  to  model 
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know  the  optical  constants  o{  all  the  intermediate  layers  and  the  substrate.  Hence  the 
reflectance  and  transmittance  of  ITO/glass,  ATO/glass  and  ZnS/glass  were  measured 

Optical  Properties  of  Corning  7059.  Glass 
Fig.  7.3(a)  and  (b)  shows  the  reflectance  and  transmittance  of  substrate,  glass. 
The  transmittance  is  zero  in  the  far  infrared  region  and  is  very  high  in  the  visible  re- 
gion, In  the  region  where  glass  is  opaque,  the  optical  constants  were  determined  horn 

were  determined  by  the  inversion  of  equations  for  reflectance  and  transmittance. 

In  the  far  infrared  region,  the  optical  constants  can  also  be  determined  from  the 
oscillator  parameters  used  in  fitting  the  reflectance  spectrum.  Table.  7.1  shows  the 
oscillator  parameters  and  the  TO  and  LO  phonon  frequencies  for  glass  in  the  far 
infrared  region,  with  an  accuracy  of  ± 0.1cm-1. 

Fig.  7.4(a)  and  (b)  shows  the  refractive  index  and  extinction  coefficient  of  glass. 
The  refractive  index  is  almost  constant  at  1.54  in  the  visible  region,  varying  slightly 
as  the  frequency  increases.  Glass  has  absorption  bands  in  the  far  infrared  region, 
and  absorption  is  strongest  at  the  resonance  frequency.  The  index  of  refraction  is 
larger  at  lower  frequencies  and  increases  with  frequency  as  the  resonance  frequency 
is  approached.  This  is  normal  dispersion.  At  or  near  the  resonance  frequency,  where 
absorption  is  maximum,  the  refractive  index  decreases  as  the  frequency  increases, 

Fig.  7.5  shows  (oAi/)2  as  a function  of  the  photon  energy.  Corning  7059  studied 
has  a band  gap  of  35,500  cm- 1 (4.40  eV),  and  is  tabulated  in  Table.  7.6.  The  bandgap 
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7059  glass  in  the  far  infrared  region. 


tz  fit  to  the  reflectance  of  Corning 


(cm'1)  (cm->)  (cm-1) 


Thickness  =0.118  cn 


was  determined  by  extrapolating  {ahv)2  to  zero.  The  sharp  increase  of  ( ahv )2  as  a 
function  of  photon  energy  shows  that  the  glass  studied  is  a direct  bandgap  material. 

Optical  Properties  of  Indium  Tin  Oxide 

Thin  films  of  indium  tin  oxide  (ITO)  have  been  extensively  used  in  a variety  of 

region,  high  infrared  reflectance  and  low  electrical  resistivity.125-'27  This  simultaneous 
occurrence  of  high  optical  transparency  and  high  electrical  conductivity  does  not 
occur  in  metals  or  in  intrinsic  stoichiometric  materials.  The  typical  way  to  obtain 
good  transparent  conductors  is  to  create  electron  degeneracy  in  a wide  bandgap  oxide 
by  controllably  introducing  non-stoichiometry  and/or  appropriate  dopants.  These 

other  alloys  in  thin  film  form  prepared  by  a number  of  deposition  techniques.  ITO 
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films  used  in  this  study  were  prepared  by  a commercial  r.f.  magnetron  sputtering 

Undoped  tin  oxide  (TO)  films  are  polycrystalline  with  a grain  size  of  about  200- 
300A  and  retain  the  tetragonal  rutile  structure  of  bulk  SnO^.134,133  Pure  SnOj  films 
exhibit  a direct  optical  bandgap  of  3.87— 4. 3eV. 119,130  The  visible  and  near  IR  trans- 
mittance is  about  80  96. 131  The  refractive  index  is  fairly  constant  in  the  visible  region 
and  ranges  typically  between  1.8  and  2.0. 111  These  films  are  extremely  stable  un- 
der typical  environmental  conditions  and  are  extremely  resistant  to  chemical  etching. 
The  films  are  etched  only  by  nascent  hydrogen  produced  by  reaction  of  zinc  powder 
with  HC1.  Their  adhesion  to  glass  or  porcelain  is  very  high.  Hence  the  film  is  possibly 
attached  to  the  substrate  by  chemical  bonds.133 

Undoped  indium  oxide  (10)  films  are  polycrystalline  with  a grain  axe  of  about 
100A  for  reactively  sputtered  films,  and  a cubic  bixbyte  structure,  for  the  bulk 
material.134  The  superiority  of  IO  over  TO  films  as  transparent  conductors  is  due 
to  the  higher  mobility  in  IO.  10  films  exhibit  a direct  optical  bandgap  which  lies 
between  3.55  and  3.75eV.135'130.  The  bandgap  increases  with  increasing  carrier  con- 
centration. The  optical  transmittance  in  the  visible  and  near  infrared  regions  is 
about  7596— 9096.74'137'133  The  refractive  index  in  the  visible  region  is  between  1.9 
and  2.08.134'133 

1TO  films  retain  the  bulk  structure  of  IO,  but  exhibit  a slight  increase  in  the 
lattice  constant  and  a strong  (100)  or  (111)  orientation  depending  on  the  deposi- 
tion parameters.139-142  The  electrical  and  optical  properties  are  independent  of  the 
orientation  effects.140'141  The  grain  size  of  ITO  ranges  between  400  and  600 A.  The  re- 
sistivity of  these  films  decreases  initially  with  increasing  tin  concentration,  but  starts 
increasing  at  still  higher  concentration.  ITO  films  generally  etch  more  easily  than 


119 


TO  films.  However  tile  chemical  stability  of  ITO  is  adequate  for  many  sophisticated 
applications.143 

Fig.  7.6(a)  and  (b)  shows  the  optical  transmittance  and  reflectance  and  the  fits 
to  the  experimental  data,  over  the  frequency  range  from  30  cm-1  to  48,000  cm"1,  for 
ITO  on  glass  substrate.  The  reflectance  and  transmittance  were  fitted  independently 

80%  to  90%  was  observed  and  in  the  far  infrared  region  the  reflectance  is  almost  78%. 
This  high  reflectance  is  due  to  the  high  density  of  free  electrons.  The  presence  of  free 
carriers  in  the  film  results  in  the  Drude  type  absorption  edge  in  the  infrared  region 
of  the  spectrum.  In  the  near  infrared  region,  the  reflectance  decreases  drastically  and 
the  transmittance  increases  due  to  the  plasma  effect  resulting  from  high  concentration 
of  mobile  carriers.  Table.  7.2  shows  the  oscillator  parameters  used  in  fitting  the 
reflectance  and  transmittance,  of  the  ITO  thin  film.  The  many  oscillators  in  the  UV 
region  are  required  to  fit  the  actual  sharp  absorption  edge  at  the  bandgap.  These 
follow  the  joint  density  of  states  of  the  interband  transitions. 

The  film  thickness  can  be  very  accurately  determined,  since  thickness  is  also  an 
input  parameter  in  fitting  the  reflectance  and  transmittance  spectra.  The  thickness  of 
the  ITO  films  used  in  this  study  was  found  to  be  0.14  pm  Fig.  7.7(a)  and  (b)  shows 
the  real  part  of  complex  conductivity  and  real  part  of  complex  dielectric  function  of 
ITO.  The  conductivity  of  thin  films  of  ITO  is  very  high  in  the  infrared  region  and 
in  the  ultraviolet  region.  From  Fig.  7.7(b),  the  region  where  the  dielectric  constant 
ci  crosses  the  zero  cutoff  frequency  Up,  is  the  region  where  metal  like  infrared  (IR) 
reflectance  changes  to  dielectric  like  visual  transmittance.  For  frequencies  less  than 

ci  is  negative  and  the  film  becomes  highly  reflective. 

Fig.  7.8(a)  and  (b)  shows  the  refractive  index  and  extinction  coefficient  of  ITO, 
om  a set  of  oscillator  parameters  (shown  in  Table.  7.2)  used  in  fitting  the 
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Tabic.  7.2.  Parameters  of  oscillator  fit  to  the  reflectance 
and  transmittance  of  of  1TO. 


Oscillators  u,j  Uj(ur o)  ~tj 


(-•*) 

5.232 

8,400 

3,000 


11,500 

7,833 

7,000 


(cm'1) 

150 

225 

450 

1,000 


(cm-1) 

330 

1,186 

200 

701 

1,215 

5,000 


2,031 

422 

527 


900 

397 


Thickness 

Coo  = 3.6 


0.14  fan 


reflectance  and  transmittance.  The  refractive  index  varies  between  1.05  and  2.40  in 
the  visible  region.  At  12,000  cm“'  the  refractive  index  is  1.65  and  at  30,000  cm'1,  the 
refractive  index  is  2.14.  Refractive  index  in  the  visible  region  as  obtained  by  various 
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Fig.  7.9  shows  (a/tv)2  as  a function  of  the  photon  energy.  Above  33,000  cm-1 
the  film  becomes  absorbing  since  the  fundamental  absorption  edge  of  the  material  is 
reached.  It  was  observed  that  (ahv)2  increased  sharply  with  photon  energy  which 
shows  that  1TO  is  a direct  band  gap  material,  1TO  films  studied  have  a band  gap  of 
34,000  cm-1  (4.22  eV).  This  is  tabulated  in  Table.  7.6. 

Thin  films  of  aluminium  oxide/ titanium  oxide  (ATO)  was  used  as  the  insulator 
in  the  CctCaGajS,  device  structure.  Fig.  7.10(a)  and  (b)  shows  the  optical  trans- 
mittance and  reflectance  and  the  fits  to  the  experimental  data  of  ATO  deposited  on 
glass  substrate  over  the  frequency  range  from  30  cm-  * to  48,000  cm-1.  In  the  visible 
region,  a transmittance  of  80%  to  90%  was  observed.  In  the  far  infrared  region  the 
reflectance  was  dominated  by  a total  of  nine  phonon  modes. 

The  reflectance  and  transmittance  were  fitted  independently  using  nine  oscillators. 
The  thickness  of  the  ATO  films  obtained  from  the  fit  is  0.23/tm.  Table.  7.3  shows  the 
oscillator  parameters  used  in  fitting  the  reflectance  and  transmittance,  and  the  TO 
and  LO  phonon  frequencies  of  the  ATO  thin  films. 

Low  frequency  modes  are  made  up  of  vibrations  due  to  heavier  atoms  and  high 
frequency  modes  are  made  up  of  lighter  atoms.  The  phonon  modes  observed  at  higher 
frequencies  arc  the  stretching  mode  and  bending  modes  of  the  aluminium-oxygen 

lower  frequencies  are  the  stretching  and  bending  modes  of  the  titanium-oxygen  bonds. 
In  sapphire,  which  is  AI2O3,  two  strong  phonon  modes  are  reported148  at  660  cm'1 
and  450  cm-',  which  were  assigned  to  the  stretching  and  bending  modes  of  AI2O3. 
Since  titanium  is  heavier  than  aluminium,  the  phonon  modes  of  the  titanium-oxygen 
bonds  should  be  at  a lower  frequency  than  that  of  the  aluminium-oxygen  bonds.  The 
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Tabic  7.3.  Parameters  of  oscillator  6t  to  the  reflectance  and  trans- 
mittance of  ATO. 


“pj  uj(uto)  1j 

(cm-1)  (cm-')  (cm-') 

2,000  0 1,000 

850  340  200 

500  430  50 

600  650  200 

450  700  100 

460  770  70 

600  900  170 

800  990  150 

1,100  1,020  100 

500  1,040  20 


(cm-1) 


399 


835 


1,377 


*00=3.3 


phonon  mode  observed  at  340  cm-1  is  therefore  the  stretching  of  the  titanium  oxygen 

Fig.  7.11(a)  and  (b)  shows  the  refractive  index  and  extinction  coefficient  of  ATO, 
obtained  from  a set  of  oscillator  parameters  used  in  fitting  the  reflectance  and  trans- 
mittance. The  refractive  index  remained  nearly  constant  in  the  visible  region  and 
had  a value  of  1.8  at  12,000  cm-'  and  1.81  at  25,000  cm-1.  The  extinction  coefficient 
was  very  low  and  had  a value  of  0.0007  at  12,000  cm-1,  and  0.00007  at  25000  cm-1. 


Fig.  7.12(a)  and  (b)  shows  the  real 
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dielectric  function  of  ATO.  From  Fig.  7.12(b)  the  static  dielectric  constant  is  found 
to  be  12.0.  The  bandgap  of  ATO  is  higher  than  that  of  the  substrate.  As  a result  it 
was  not  possible  to  determine  the  bandgap  of  ATO. 

Optical  Properties  of  ZnS 

Zinc  sulphide  is  a wide  band  gap  semiconductor  material  that  finds  applications  in 
light  emitting  diodes,  electroluminescent  displays,  multi-layer  dielectric  filters,  optical 
phase  modulation  systems  in  integrated  optics,  etc.149  Its  energy  bandgap  is  large 
enough  for  this  material  to  be  used  as  host  matrix  for  a large  variety  of  dopants.  The 
luminescent  properties  of  ZnS  doped  with  manganese  is  adequate  for  electrolumines- 
cent applications.  For  the  MISIM  device  in  this  study,  ZnS  is  used  as  the  nudeation 
layer  for  growth  of  the  thiogallate  thin  film. 

Fig.  7.13(a)  and  (b)  shows  the  optical  transmittance  and  reflectance  and  the  fits 
to  the  experimental  data,  over  the  frequency  range  from  30  cm-1  to  48,000  cm"1, 
for  thin  films  of  ZnS  on  glass  substrates.  The  far  infrared  reflectance  is  dominated 
by  a strong  phonon  mode  at  273  cm-1.  Above  2,500  cm"1,  fringes  are  observed  in 
the  reflectance  and  transmittance  spectra  due  to  multiple  internal  reflectance  from 
the  front  and  back  surface  of  the  film.  The  thickness  of  the  ZnS  used  in  this  study  is 
0.63  pm.  The  reflectance  and  transmittance  were  fitted  independently  using  the  same 
set  of  oscillator  parameters.  Table.  7.4  shows  the  oscillator  parameters  used  in  fitting 
the  reflectance  and  transmittance  spectrum,  and  the  TO  and  LO  phonon  frequencies 
for  the  thin  films  of  ZnS. 

Fig.  7.14(a)  and  (b)  shows  the  dispersion  of  refractive  index  and  extinction  co- 
efficient of  ITO,  obtained  from  a set  of  oscillator  parameters  used  in  fitting  the  re- 
active index  at  10,000  cm"1  is  2.23  and  at  30,000  cm"1  is  2.3. 


Therefra 
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Table.  7.4.  Parameters  of  the  oscillator  fit  to  the  reflectance  and 
transmittance  of  ZnS  thin  films. 

Oscillators  Upj  tfjttfro)  *7 j &LO 

(cm-')  (cm-')  (cm-')  (cm"') 

Phonon  transition  470  273  13  345 

Interband  transitions  7,000  32,000  1,500 

5.000  32,500  1,500 

6,073  35,000  4,389 

20.000  39,145  5,000 


Thickness=0.63  fin 


complex  conductivity  in  the  far  infrared  region  are  shown  in  Fig.  7.15(a)  and  (b) 
respectively.  There  are  two  characteristic  optical  phonon  frequencies,  the  LO  and 
TO  phonon  frequencies.  The  difference  between  the  LO  and  TO  modes  indicate  the 
ionicity  of  the  compound.  The  LO  phonon  frequency  was  determined  using  the  Drude 
model,  which  consists  of  finding  the  frequency  at  whidt  the  real  part  of  the  dielectric 
function,  goes  through  zero  frequency.  The  TO  phonon  frequency  was  determined 
from  the  position  of  the  maximum  in  the  imaginary  part  of  the  dielectric  response 
function.  The  values  of  the  TO  and  LO  frequencies  so  obtained  are  at  273  cm-' 
and  345  cm-',  which  are  in  excellent  agreement  with  those  reported  for  the  single 
crystals  of  ZnS.'M  The  values  reported  by  this  author  was  273  cm"'  for  the  TO 
phonon  frequency  and  350  cm-'  for  the  LO  phonon  frequency. 


related  through  the  Lyddaae-Sachs- Teller  relation,10® 


wavelengths.  But  is  not  so  well  defined,  because  in  the  high  frequency  region,  there 

obtained  for  eo  and  too  were  7.9  and  4.8,  by  fitting  the  experimental  reflectance  and 
transmittance  from  the  phonon  oscillator  and  from  the  electronic  transitions.  These 
values  satisfy  the  Lyddane-Sachs-Tellcr  relation. 

Fig.  7.16(b)  shows  (ohi')1  as  a function  of  the  photon  energy.  From  the  absorption 
spectrum,  it  is  seen  that  above  32,000  cm-1  the  film  becomes  absorbing  since  the 
fundamental  absorption  edge  of  the  material  is  reached.  It  was  observed  that  (o/ii')1 
increased  sharply  with  photon  energy  which  shows  that  ZnS  is  a direct  band  gap 
material.  ZnS  has  almost  no  absorption  from  the  fundamental  direct  bandgap  down 
to  the  infrared  region  at  around  373cm'1,  where  strong  absorption  occurs  due  to 
phonon  absorption.  The  ZnS  films  studied  have  a band  gap  of  32,500  cm-1  (4.03  eV). 
This  value  is  tabulated  in  Table.  7.6.  The  value  of  the  bandgap  for  thin  films  of  ZnS 
reported  in  literature  varies  between  3.48  oV  and  3.70  eV.lsl''“ 

Photoluminescence  Spectra 

Fig.  7.17  shows  the  photoluminescencc  spectra  of  CeiCaGajS,  based  device  struc- 
ture, polycrystalline  thin  films  of  CecCaGarSs  on  glass  substrate  and  single  crystals  of 
CeiCaGajS*,  which  emits  blue  light.  It  was  observed  that  the  emission  spectra  of  the 
single  crystals  had  a peak  at  475  mu  and  a low  energy  shoulder  at  530  nm.  For  the 
thin  films  on  glass  substrate,  these  values  were  at  456  nm  and  511  nm,  respectively 
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Table.  7.S.  Peak  values  of  the  emission 


Materials 

’D-’Fs/j 

JD-aF,/s 

(nm) 

(nm) 

Ce:CaGa?S4 

475 

530 

(crystals) 

CctCaGarSs 

456 

511 

(thin  films) 

CeiCaGajS, 

444 

500 

(device) 

and  that  of  the  device  were  at  444  am  and  500  nin,  respectively.  Table.  7.5  shows  the 
peak  values  of  the  emission  spectra  for  the  bulk  crystals,  polycrystalline  thin  films 
and  for  the  device  strucure  based  on  CecCaGagS*. 


Optical  Properties  of  M 
The  optical  parameters  of  the  multilayered  structure  were  obtained  by  fixing 
all  the  parameters  for  the  individual  layers  obtained  by  the  oscillator  fit  method, 
and  varying  only  the  thickness  until  the  best  fit  is  obtained.  Fig.  7.18  shows  the 
transmittance,  reflectance  and  fits  of  the  multi-layered  structure  ATO/ITO/Glnss. 
The  parameters  obtained  from  the  oscillator  fit  method  for  the  thin  films  of  ATO  and 
1TO  are  shown  in  Table.  7.2  and  7.3  respectively.  The  best  fit  for  the  reflectance  and 
transmittance  occurs  when  the  thickness  of  the  ATO  and  1TO  layers  are  0.3504  pm 


and  0.3500  pm  respectively. 

Fig.  7.19  shows  the  transmittance,  reflectance  and  fits  of  the  multilayered  struc- 
ture ZnS/lTO/Glass.  The  parameters  obtained  from  the  oscillator  fit  method  for  the 


thin  films  of  ZnS  is  shown  in  Table.  7.4.  The  best  fit  for  the  reflectance  and  trans- 
mittance were  obtained  when  the  thickness  of  the  ZnS  and  1T0  layers  were  0.66  /Jin 
and  0.14  /Jm  respectively.  However  the  calculated  reflectance  and  transmittance  woe 
much  higher  than  the  measured  reflectance  and  transmittance.  The  sample  was  not 

tering  from  the  surface  of  the  film,  which  results  in  a lower  value  for  the  measured 


In  order  to  make  the  surface  smooth,  a drop  of  oil  was  added  on  the  sample 

was  observed  that  the  transmittance  increased  by  20%  and  was  similar  to  that  of  the 
calculated  value.  The  fringes  disappeared  since  the  new  thickness,  which  is  the  sum 
of  the  thickness  of  the  film  layer  and  the  oil  layer,  has  a very  high  value.  Thus,  it  is 
believed  that  the  fit  would  describe  the  transmission  of  a smooth  film  accurately. 

Pig.  7.20  shows  the  transmittance,  reflectance  and  fits  of  the  multilayered  struc- 
ture ZnS/ATO/lTO/Glass.  The  best  fit  for  the  reflectance  and  transmittance  were 
obtained  when  the  thicknesses  of  the  ZnS,  ATO  and  ITO  layers  were  0.003  pm, 
0.2278  pm  and  0.37002  pm,  respectively. 

Fig.  7.21  shows  the  transmittance,  reflectance  and  fits  of  the  amorphous  multi- 
layered structure  Cc:CaGasS4/ZnS/ATO/ITO/glass.  The  parameters  obtained  from 
the  oscillator  fit  method  for  the  thin  films  of  amorphous  CeiCaGa^S*  are  shown  in 
Table.  6.1.  The  best  fit  for  the  reflectance  and  transmittance  is  obtained  when  the 
thicknesses  of  the  Ce:CaGa,S,,  ZnS,  ATO  and  ITO  layers  were  0.4878  pm,  0.003  pm, 
0.2818  pm  and  0.3176  pm,  respectively.  This  sample  was  annealed  and  the  measure- 
ments and  analysis  were  repeated.  Fig.  7.24  shows  the  transmittance,  reflectance  and 
fits  of  the  polycrystalline  multilayered  structure  Ce:CaGasS4/ZnS/ATO/ITO/glasa. 
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The  parameters  obtained  from  the  oscillator  fit  method  for  the  thin  films  of  amor- 
phous CetCaGaaS,  are  shown  in  Table.  6.2. 


The  optical  properties  of  the  TFEL  device  based  on  calcium  thiogallate  thin  films 
were  determined  by  measuring  the  reflectance  and  transmittance.  In  order  to  model 

substrate  and  the  intermediate  layers,  ITO,  ATO  and  ZnS  were  measured  and  the 
optical  constants  were  determined.  The  bandgap  of  the  substrate,  Coming  7059  glass, 
was  determined  from  the  absorption  spectra,  by  the  method  described  in  chapter  III, 
and  was  found  to  be  4.4  eV. 

The  bottom  electrode  which  is  ITO  had  a bandgap  of  4.22  eV.  The  high  reflectance 
in  the  far  infrared  region  for  the  ITO  films  indicate  the  presence  of  free  carriers  in  this 
layer.  ATO,  the  insulator  had  a bandgap  which  was  much  higher  than  the  bandgap 
of  the  substrate.  The  far  infrared  region  of  ATO  was  dominated  by  phonon  modes. 
ZnS  layer  in  the  TFEL  device  structure  has  a thickness  of  30A  which  was  obtained  by 
fitting  the  reflectance  and  transmittance  of  the  thin  Aims.  Thin  films  of  ZnS  studied 
had  a bandgap  of  4.03  eV.  The  bandgaps  of  the  materials  used  in  the  TFEL  structure 
is  tabulated  in  Table.  7.6. 

The  bandgap  of  ZnS  reported  in  literature,  (3.48  eV  to  3.70  eV),  is  lower  than 
that  of  the  MOCVD  grown  ZnS  thin  films  characterized  in  the  present  study.  This  is 
because  these  investigators  calculated  bandgap  by  using  a as  the  ordinate.  More  accu- 

of  manganese  doped  ZnS,  the  bandgap  should  decrease  with  increasing  manganese 
concentration,  since  the  bandgap  of  ZnS  is  higher  than  the  bandgap  of  MnS.133  How- 
ever an  increase  in  bandgap  with  manganese  doping  was  reported  by  Bylsma  et.al.’54 
In  the  present  study  we  have  obseved  a decrease  in  the  bandgap  due  to  manganese 
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Table.  7.6.  Bandga 


(°°~‘) 

Corning  7059  glass  35,500 

ITO  (thin  film)  34,000 

ATO  (thin  film) 

ZnS  (thin  film)  32,500 

Ce:CaGo2S4  29,100 

Ce:CaGa2S,  32,900 

(polycrystalline  films) 
Ce:CaGa2S,  28,000 

(crystals) 

CetCaGarSi  32,900 

(TPEL) 


Photon  energy 

(eV) 

4.40 


4.03 

3.61 


3.47 

4.08 


doping  as  expected,  but  contrary  to  what  was  reported  by  Bylsma  et.al.,  by  using  a 
better  approach  for  obtaining  the  bandgap,  which  is  discussed  in  Appendix.  B. 

From  Fig.  7.1  it  was  observed  that  the  reflectance  is  very  high  in  the  far  infrared 
region,  for  the  TFEL  device.  This  showed  the  presence  of  free  carriers,  which  comes 
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from  the  1TO  layer.  The  band  gap  for  the  TFEL  device  is  at  32,900  cm"1  (4.08  eV), 
as  shown  in  Fig.  7.2.  The  band  gap  of  polycrystalline  thin  films  of  calcium  thiogallate 
were  4.08  eV,  which  was  discussed  in  chapter  VI.  Thus  it  can  be  seen  that  the  band 
gap  for  the  thin  film  device  is  the  band  gap  of  the  layer  which  has  the  lowest  band 
gap,  which  was  the  thin  film  of  polycrystalline  calcium  thiogallate  doped  with  cerium. 
Thus  the  far  infrared  properties  of  the  thin  film  device  structure  was  dominated  by 
1TO  and  the  band  gap  was  determined  by  the  cerium  doped  calcium  thiogallate  layer. 

For  a single  layer  of  thin  film  on  glass  substrate  the  calculated  reflectance  and 
transmittance  are  in  excellent  agreement  with  the  measured  reflectance  and  trans- 
mittance. For  multilayers  on  glass  substrate,  the  fringe  spacing  of  the  calculated 
spectra  and  the  measured  spectra  were  in  excellent  agreement  which  showed  that  the 
thickness  assumed  for  the  various  layers  were  accurate.  But  the  calculated  spectra  de- 
viated slightly  from  the  measured  spectra,  due  to  the  fact  that  the  fit  used  an  abrupt 
interface  model.  A better  fit  needs  additional  spatial  variation  near  the  interface. 

For  multi-layers  of  ATO/ITO/glass  and  TFEL  device,  a very  strong  phonon  mode 
was  observed  at  1,020  cm-1,  which  is  the  phonon  mode  from  the  ATO  layer.  But  in 
the  measured  spectra,  this  phonon  was  screened  by  the  free  carriers.  The  far  infrared 
reflectance  spectra  of  the  ATO/ITO/glass  and  amorphous  TFEL  were  very  similar. 
This  shows  that  with  the  addition  of  a third  or  fourth  layer,  the  values  of  lattice 
and  free  carrier  parameters  in  each  layer  became  satisfactorily  close  to  the  measured 
results.  But  the  measured  reflectance  of  the  crystalline  TFEL  device  was  much  lower 
than  the  calculated  reflectance  in  the  far  infrared  region  which  shows  that  annealing 
of  the  TFEL  device  reduced  the  total  number 
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Fig.  7.1(a).  The  upper  panel  shows  the  measured  transmittance  of  the  device 
structure  at  300k.  (b).  The  lower  panel  shows  the  reflectance  measured 
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Fig.  7.2.  (ahv)2  as  a function  of  pha 
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Fig.  7.4(a).  The  upper  panel  shows  the  refractive  index  of  Coming  7059  glass, 
(b).  Lower  panel  shows  the  extinction  coefficient  of  the  same  sample 
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Fig.  7.5.  ( ahi /)2  as  a function  of  photon  energy  of  glass. 
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panel  shows  the  fit  and  the  reflectance  measured  on  the  same  sample. 
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panel  shows  the  real  part  of  the  complex  dielectric  function. 
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Fig.  7.10(a).  The  upper  panel  shows  the  measured  transmittance  and  oscil- 
lator fit  of  a 0.23  pm  thick  ATO  film  on  glass  substrate  at  300  K.  (b). 
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Fig.  7.11(a).  The  upper  panel  shows  the  refractive  index,  (b).  Lower  panel 
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Fig.  7.12(a).  The  upper  panel  shows  the  real  part  of  the  complex  conductivity, 
(b).  The  lower  panel  shows  the  real  part  of  the  complex  dielectric  function. 
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Fig.  7.13(a).  The  upper  pauel  shows  the  measured  transmittance  and  os- 
cillator fit  of  a 0.66/im  thick  ZnS  film  on  glass  substrate  at  300  K.  (b). 
The  lower  panel  shows  the  fit  and  the  reflectance  measured  on  the  same 
sample. 
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Fig.  7.14(a).  The  upper  panel  shows  the  refractive  index,  (b).  Lower  pane] 
shows  the  extinction  coefficient  in  the  visible  region 
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Fig.  7.15(a)  The  upper  panel  shows  the  complex  dielectric  function,  (b).  The 
lower  panel  shows  the  complex  conductivity. 
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Fig.  7.16(a).  a as  a function  of  photon  energy,  (b).  (ahi/)2  as  a function  of 
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7.17(b).  Photoexcitation  and  emission  spectra  of  CetCaGajS,  based 

f Ce:CaGaiSt  on  glass  substrate,  (c).  Photoexcitation  and  emission 
pectra  of  single  crystals  of  CetCaGarSs- 
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Fig.  7.18(a).  The  upper  panel  shows  the  measured  transmittance  and  oscilla- 
tor fit  of  the  multilayer  ATO/ITO/glass  at  300  K.  (b).  The  lower  panel 
shows  the  fit  and  the  reflectance  measured  on  the  same  sample. 
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Fig.  7.20(a).  The  upper  panel  shows  the  measured  transmittance  and  oscil- 
lator fit  of  the  multilayer  ZnS/ATO/ITO/glass  at  300  K.  (b).  The  lower 
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Fig.  7.21(a).  The  upper  panel  shows  the  measured  transmittance  and  oscilla- 
tor fit  of  the  multilayer  CerCaGaaSr/ZnS/ATO/ITO/glass  (amorphous) 
at  300  K.  (b).  The  lower  panel  shows  the  fit  and  the  reflectance  measured 
on  the  same  sample. 
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tallinc)  at  300  K.  (b).  The  lower  panel  shows  the  fit  and  the  reflectance 
measured  on  the  same  sample. 


CHAPTER  VHI 

OPTICAL  STUDIES  OF  THIN  FILMS  OF 
CERIUM  DOPED  STRONTIUM  SULPHIDE 

SrS  (Ha— VIb)  is  a promising  host  material  for  color  thin  film  electroluminescent 
devices.  Ce:SrS  is  an  efficient  blue  light  emitting  phosphor.  Devices  based  on  these 

transmittance  of  thin  films  of  Ce:SrS  sputter  deposited  on  a silicon  substrate  was  mea- 
sured in  the  infrared  region  for  the  as  deposited  SrS  thin  films,  doped  with  0.1  at.wt% 
cerium.  It  had  been  reported  that  post  deposition  annealing  improves  the  luminance 
and  efficiency  of  the  CerSrS  thin  films.155  Annealing  of  the  SrS  thin  films  deposited 
on  silicon  substrate  was  done  in  hydrogen  sulphide  atmosphere  at  350  °C  for  3 hours. 
Measurements  were  repeated  on  the  same  sample  after  annealing  to  study  the  effect 
of  annealing  on  the  optical  characteristics  of  the  CerSrS  thin  films.  FVom  the  infrared 
spectra,  the  optical  phonon  frequencies  and  other  related  dispersion  parameters  were 
determined. 

In  addition  to  CetSrS  on  silicon  substrate,  the  reflectance  and  transmittance  for 
the  thin  films  of  CeFj:SrS  deposited  on  a glass  substrate  and  a CeFs:SrS  based 
device  structure  were  also  measured  over  the  frequency  range  between  far-infrared 
and  visible.  The  measured  reflectance  and  transmittance  were  then  modelled  to 
determine  the  thickness,  optical  properties  and  other  parameters  of  the  thin  films. 
The  handgap  obtained  from  the  absorption  spectra  was  compared  with  the  results 
reported  by  Kancko  et.  al.158  for  the  strontium  sulphide  single  crystals. 

The  CetSrS  devices  have  a double-insulating  sandwich  structure,  similar  to  that 
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of  sputtered  ITO  followed  by  ATO  insulator  films.  The  Ce:SrS  phosphor  layer  was 
sandwiched  between  ZnS  layers  to  provide  a buffer  between  SrS  and  the  oxide  layers. 
SrS  has  high  oxygen  affinity  and  hence  the  ZnS  buffer  layers  isolates  SrS  from  the 
oxide  insulators,  and  from  air.'*7  Thickness  of  the  ZnS  layer  on  the  ATO  side  is  20A 
and  on  the  other  side  is  1000A. 


Optical  Properties  of  CerSrS  Deposited  on  Silicon  Substrate 

Fig.  8.1  shows  the  far  infrared  transmittance  and  reflectance  of  the  as  deposited 
Ce:SrS  thin  films  deposited  on  silicon  substrate  and  the  fits  to  the  experimental  data, 
obtained  from  a set  of  oscillator  parameters  using  the  classical  oscillator  method. 
Fig,  8.2  shows  the  reflectance,  transmittance  and  fits  to  the  experimental  data  for  the 
same  sample  after  annealing.  A very  strong  phonon  was  observed  in  the  reflectance 
and  transmittance  spectra  at  190  cm-'  for  the  unannealed  thin  film,  whereas  the 
phonon  mode  was  shifted  towards  higher  frequency  region  by  6 cm-1  for  the  annealed 
thin  film. 

The  real  and  imaginary  part  of  the  complex  dielectric  function  obtained  using 
the  oscillator  parameters  used  to  fit  the  reflectance  and  transmittance  in  the  far 
infrared  region  are  shown  in  Fig.  8.3.  The  LO  frequency  was  determined  using  Drude’s 
model  which  consists  of  finding  the  frequency  at  which  the  real  part  of  the  dielectric 
function  goes  through  zero.  The  TO  frequency  was  determined  from  the  position  of 
the  maximum  in  the  imaginary  part  of  the  dielectric  response  function.  The  values 
of  TO  and  LO  frequencies  so  obtained  arc  at  190  cm-1  and  237  cm-'  for  the  as- 
deposited  thin  film,  and  196  cm-1  and  255  cm-1  for  the  annealed  Cc:SrS  thin  films. 
The  static  dielectric  constant  of  the  as-deposited  SrS:Ce  thin  films  is  7.12  and  that 


of  the 


Table.  8.1.  Parameters  of  Loren  tz  fit  to  the  far  infrared  re- 
flectance and  transmittance  of  Ce:SrS 

Oscillators  Upj  tjj(u*ro)  7 j uLO 

Ce:SrS  as 

deposited  300  190  18  237 


Thickness=3500A 
Ce:SrS  after 


Thickness=10000A 


Table.  8.1  shows  the  oscillator  parameters  used  in  fitting  the  reflectance  and 
transmittance  in  the  far  infrared  legion,  and  the  TO  and  LO  phonon  frequencies  for 
the  as-deposited  and  annealed  Ce:SrS  thin  films. 

The  optical  constants  of  the  silicon  substrate  were  determined  in  the  same  fre- 
quency region  prior  to  the  analysis  of  the  film  by  measuring  the  reflectance  and 
transmittance,  which  is  shown  in  Fig.  8.4.  In  the  far-infrared  region,  fringes  appear 
due  to  multiple  internal  reflectance  in  the  substrate.  The  thickness  of  the  silicon 
substrate  can  be  precisely  determined  from  a fit  with  the  interference  spectrum,  and 

mittance  and  are  shown  in  Fig.  8.5.  Refractive  index  of  silicon  reported  is  3.42  at 
3000  cm*1, 19  whereas  the  refractive  index  of  the  silicon  substrate  characterized  in 
the  present  study  is  3.59  eV  at  3000  cm-1. 


The  reflects 


S:CeFs  thin  Aims  deposited  on  glass  sub- 
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strates  were  measured  over  a wide  frequency  range  from  30  cm  1 to  45,000  cm"1 
(4  meV  to  5.58  eV)  using  the  Broker  U3v  Fourier-transform  spectrometer  and  the 
microscope  photometer  with  grating  monochromators.  The  classical  oscillator  model 
is  used  to  determine  the  optical  properties  of  the  thin  film,  which  permits  the  determi- 
nation of  the  optical  constants  from  the  experimental  data  with  a very  good  accuracy. 
This  was  done  by  fitting  the  measured  reflectance  and  transmittance  using  the  same 
set  of  oscillator  parameters  from  which  the  thickness  and  other  optical  constants  of 
the  thin  films  were  determined. 

Fig.  8.6  shows  the  transmittance  and  reflectance  of  SrSrCeFs  deposited  on  glass 
substrate  and  the  fits  to  the  experimental  data.  The  substrate  optical  constants 
were  determined  in  tbe  same  frequency  region  prior  to  the  analysis  of  the  film,  by 
measuring  the  reflectance  and  transmittance.  The  substrate  used  was  Corning  7059 
and  the  optical  properties  of  this  substrate  were  discussed  in  Chapter  VII.  In  the 
far-infrared  region,  a very  strong  phonon  at  197  cm"1  is  observed.  Above  1000  cm"1 
fringes  appear  due  to  multiple  internal  reflectance  in  the  thin  film.  The  optical  feature 
at  689  cm"’  and  1040  cm”’  are  the  phonon  modes  of  the  substrate.  The  thickness 
of  the  thin  film  is  precisely  determined  from  a fit  with  the  interference  spectrum.  It 

the  reflectance  was  measured  the  thickness  of  the  sample  was  found  to  he  11.400A 

be  8.200A. 

The  real  and  imaginary  part  of  the  complex  dielectric  function  obtained  using  the 
above  data  in  the  far  infrared  region  are  shown  in  Fig.  8.7.  The  longitudinal  optic 
phonon  (LO)  and  the  transverse  optic  phonon  (TO)  frequencies  along  with  the  fitting 
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oscillator  parameters  are  tabulated  in  Table.  8.2.  The  LO  frequency  was  determined 
using  Drude’s  model  using  the  techniques  described  previously.  The  values  of  TO  and 
LO  frequencies  are  at  197  cm-1  and  304  cm-1.  The  values  obtained  for  Coo  and  <o 
are  4 and  9.4,  respectively,  which  are  obtained  by  fitting  the  experimental  reflectance 
and  transmittance.  These  values  satisfy  the  Lyddoue- Sachs- Teller  relation  given  by 
Eqn.  42.  Table.  8.2  shows  the  oscillator  parameters  and  the  TO  and  LO  phonon 
frequencies  for  the  CeFjiSrS  thin  film  deposited  on  gloss  substrate. 


Table.  8.2.  Pa 


: CeFs:SrS  thin  film  deposited  on  glass  sub- 


Phonon  transition 
Interband 


<00=4.0 


459  197 

3.000  35,000 

5.000  37,000 

5,000  38,000 

5,000  43,000 


(cm-')  (cm-') 

16.8  304 

500 

3.000 

2.000 

40,000 


thickness=0.82  pm. 


The  dispersion  of  refractive  index  and  extinction  coefficient  SrS:CcFj  is  shown 
in  Fig,  8.8.  The  refractive  index  had  a value  of  2.014  at  12,000  cm-'  and  2.022 
at  25,000  cm-1.  The  extinction  coefficient  was  very  low  in  the  visible  region,  since 
there  is  very  little  absorption.  The  extinction  coefficient  is  0.0012  at  12,000  cm-'  and 
0.0039  at  25,000  cm-'. 


1 1 1 
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The  optical  energy  gap  E9  of  SrS:CeFj  was  determined  from  the  optical  absorp- 
tion coefficient  a(w)  and  the  incident  photon  energy  hv  using  Eqn.  24.  SrS:CcFj  had 
an  indirect  energy  baud  gap  structure,  since  (ahl/)0*5  increased  sharply  as  a function 
of  the  incident  photon  energy,  which  is  shown  in  Fig.  8.9.  Extrapolation  to  zero  gives 
an  estimate  of  optical  energy  bandgap  of  34,500  cm-*  (4.28  eV).  This  is  tabulated  in 
Table.  8.3.  SrS:CeFj  has  almost  no  absorption  from  the  fundamental  bandgap  down 
to  the  infrared  region  at  around  197  cm-1  where  strong  absorption  from  the  optical 
phonon  occurs. 

Table.  8.3  compares  the  LO  and  TO  phonon  frequencies  and  bandgap  for  the 
Ce:SrS  thin  films  deposited  on  silicon  substrate,  SrS:CeFs  thin  films  deposited  on 
glass  substrate,  and  SrS  single  crystals  reported  by  Kaneko  et.al.155  The  thin 
of  CeFj:SrS  agrees  with  the  single  crystals  of  SrS  better  than  the  SrS:Ce  thin 
deposited  on  silicon  substrate.  This  shows  that  there  is  stress  developed  in  the 

Optical  Properties  of  Ce:SrS  Based  Device  Structure 

(SrS/ZnS)n  is  a new  multi-layered  thin  film  electroluminescent  phosphor  material 
which  shows  superior  electrical  and  optical  characteristics  when  compared  to  individ- 
inS  and  SrS  thin  films.55'15®  The  main  problem  in  rare  earth  doped  ZnS  thin 
is  the  low  solubility  of  the  rare  earth  ions  in  the  ZnS  host  lattice.  In  SrS  thin 
, chemical  instability  due  to  its  hydroscopic  nature  becomes  the  problem.  These 
problems  were  overcome  in  the  SrS:Cc  device  structure  in  which  there  are  three  semi- 
conductor layers,  ZnS/Ce:SrS/ZnS.  ZnS  protects  the  SrS  layer  from  the  underlying 

The  optical  properties  of  ZnS/ATO/ITO/glass  were  discussed  in  Chapter  Vn. 
Fig.  8.10  shows  the  reflectance  and  transmittance  and  fits  to  the  experimental  data 
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Tabic.  8.3.  Parametr 
transmittance  of  i 
single  crystals. 


As  deposited 
Ce:SrS  thin  film  4 

Ce:SrS  thin  film  4 
Single  crystals 
of  SrS  4 

As  deposited 
CeF3:SrS  4 


of  Lorentz  fit  to  the  reflectance  and 
:SrS  and  CeFjrSrS  thin  films  and  SrS 


7.12  - 190  237 

7.82  - 196  255 


9.47  4.32  185  282 


4.36  197  304 


of  the  ZnS/SrS:Ce  multilayered  structure,  deposited  on  a glass  substrate.  The  re- 
flectance and  transmittance  were  fitted  by  fixing  the  optical  parameters  of  ZnS  shown 
in  Table.  7.4  and  the  optical  parameters  of  Ce:SrS  shown  in  Table.  8.2  and  varying 
only  the  thicknesses. 

Fig.  8.11  shows  the  variation  of  (oho)3  as  a function  of  frequency,  for  the  SrS:Ce 

thin  films  of  SrSiCcFj  was  found  to  be  32,000cm-1  (3.98  eV).  This  is  the  bandgap  of 
the  layer  which  has  the  lowest  bandgap,  which  is  ZnS. 


Discussion 

The  far  infrared  optical  properties  of  Ce:SrS  deposited  on  silicon  substrate  were 
determined.  The  results  show  a higher  degree  of  crystallinity  for  the  Ce:SrS  thin  films 
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deposited  on  silicon  substrate,  than  before  annealing.  For  the  as  deposited  thin  films, 
the  phonon  mode  observed  was  at  190  cm"1.  For  the  annealed  thin  films,  the  phonon 
was  shifted  towards  the  higher  frequency  region  by  6 cm*1.  The  sharp  vibrational 
feature  of  the  annealed  films  show  that  there  is  long  range  crystalline  order.  This 
shows  that  the  annealed  thin  films  have  a higher  degree  of  orientation  of  the  SrS 
grains.  The  phonon  mode  in  the  annealed  films  had  a higher  density  of  states  and 
was  sharper  than  that  of  as-deposited  SrS  thin  films.  The  oscillator  strength  is  greater 
and  the  linewidth  is  lower  for  the  annealed  versus  as  deposited  thin  films. 

The  bandgap  of  the  SrStCcFj  thin  films  deposited  on  glass  substrate  was  very 
close  to  the  bandgap  of  the  SrS  single  crystals.  This  is  because  cerium  centers  doped 
in  the  SrS  lattice  have  the  4f  ground  state  level  in  the  forbidden  gap  and  the  5d  excited 

SrS  with  cerium  centers  does  not  alter  the  bandgap  of  strontium  sulphide  significantly. 

For  the  SrS:Ce  based  device  structure,  a direct  bandgap  is  expected.  For  multilay- 
ered structure,  the  observed  bandgap  is  that  of  the  layer  having  the  lowest  bandgap. 
Since  ZnS  had  a lower  bandgap  compared  to  Ce:SrS,  the  bandgap  was  expected  to 
be  that  of  ZnS.  This  expectation  is  correct  since  the  ZnS/SrS:Ce/glass  was  found  to 
have  a bandgap  of  33,000  an"1  (4.08  eV),  which  is  the  same  as 


that  of  ZnS. 
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Pig.  8.1.  The  upper  panel  shows  the  measured  transmittance  and  oscillator 
fit  of  a as-deposited  3500A  thick  Ce:SrS  thin  film  on  silicon  substrate  at 
300  K.  The  lower  panel  shows  the  fit  and  the  reflectance  measured  on  the 
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The  lower  panel  shows  the  fit  and  the  reflectance  measured  on  the  i 
sample. 
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Fig.  8.3.  The  real  and  imaginary  part  of  the  complex  dielectric  function  of 
as-deposited  and  annealed  Cc:SrS  thin  films. 
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Fig.  8.5.  The  refractive  index  and  extinction  coefficient  of  the  silicon  sub- 
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fit  of  a SrSiCeFa  film  on  glass  substrate  at  300  K.  The  lower  panel  shows 
the  fit  and  the  reflectance  measured  on  the  same  sample. 
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Fig.  8.7.  The  upper  panel  shows  the  real  and  imaginary  part  of  the  complex 
dielectric  function  of  SrS:CeFa  and  the  lower  panel  shows  the  real  and 
imaginary  part  of  the  complex  conductivity  of  SrSrCeFj. 


Photon  energy  (meV) 


3000  11000  19000  27000  35000 

Frequency  (cm-1) 


Fig.  S.8.  The  upper  panel  shows  the  refractive  index  n and  the  lower  panel 
shows  the  extinction  coefficient  k of  the  SrS:CeFs  thin  films. 
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Fig.  8.10.  The  upper  panel  shows  the  measured  transmittance  and  oscillator 
fit  of  a ZnS/SrS:Cc  multilayered  structure  on  glass  substrate  at  300  K. 

sample. 
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, function  of  frequency  for  ZuS/SrS:Ce. 


CHAPTER  IX 

SUMMARY  AND  CONCLUSIONS 

This  dissertation  is  devoted  to  an  extensive  study  of  the  infrared  and  optical 
properties  of  cerium  doped  calcium  thiogallatc  and  strontium  sulphide  phosphors, 
by  measuring  the  reflectance  and  transmittance  from  30  cm-1  to  48000  cm-1.  The 
objective  of  this  study  was  to  characterize  the  thin  films  of  these  phosphor  materials 
by  developing  a model  for  the  reflectance  and  transmittance  of  a single  layer  of  thin 
film  deposited  on  a thick  glass  or  silicon  substrate,  as  well  as  multilayers.  The  optical 
properties  of  the  thin  films  were  then  compared  with  that  of  the  bulk  crystalline 
phosphor  material.  The  bandgap  energies  and  type  of  the  materials  studied  are 

Measurements  were  done  on  both  the  undoped  and  cerium  doped  single  crystals  of 
CaGa2S(.  The  undoped  single  crystals  were  strongly  anisotropic,  whereas  the  doped 

the  undoped  crystals  was  very  noisy  and  the  intensity  was  very  low,  compared  to 
that  of  the  doped  crystals.  The  emission  occurred  from  regions  where  there  was  an 
excess  of  sulphur  and  deficiency  of  gallium.  The  emission  spectra  of  the  doped  single 
crystals  showed  overlapping  double  hands  from  the  radiative  transition  of  cerium  from 

The  absorption  spectra  of  the  doped  calcium  tlriogallate  crystals  showed  a very 
strong  absorption  between  22,000  cm-1  and  25,000  cm-1  which  is  the  absorption  of 
cerium  into  its  excited  state.  Since  emission  follows  absorption,  the  strong  absorption 
of  the  doped  samples  explains  the  luminescent  nature  of  the  cerium  doped  crystals. 
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(cm-1) 

Corning  7059  glass  35,500 

ITO  (thin  film)  34,000 

ATO  (thin  film) 

ZnS  (thin  film)  32,500 

MrnZnS  (thin  film)  30,000 

Ce:CaGajS4  29,100 

Ce:CaGasS4  32,900 

C«CaGajS4  23,000 

(crystals) 

CaGajS,  32,500 

(single  crystals) 

CECaGajS4  32,900 

(TFEL) 

Ce:SrS  34,500 

(thin  films) 

ZnS/Ce:SrS  31,750 

(multilayer) 


(cV) 

4.40 

4.22 

4.03 

3.72 

3.61 


3.47 

4.03 

4.08 


3.94 


Type 


Direct 

Direct 

Direct 

Direct 

Direct 

Direct 
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crystals  above  27,500  on  which  was  the  absorption  near  the  bandcdge  of  the  impu- 
rity, Ga2 S3.  For  the  undoped  CaGasSs  single  crystals,  the  direct  bandgap  obtained 
from  optical  measurements  was  4.03  eV.  The  bandgap  of  the  cerium  activated  phos- 
phor was  mudi  lower  at  3.47  eV,  which  is  close  to  the  bandgap  of  Ga;Sj,  (3.31  eV), 
a known  impurity  in  the  Ce:CaGa2S«.  The  lower  bandgap  of  the  doped  phosphor 
resulted  in  a higher  refractive  index  compared  to  that  of  the  undoped  single  crystals, 
due  to  this  impurity. 

Calculation  of  the  optical  constants  of  a thin  film  is  complicated  since  the  film 
is  deposited  on  a substrate.  We  were  successful  in  developing  a model  to  fit  the 
reflectance  and  transmittance  of  a single  layer  of  a thin  film  on  a thick  substrate.  Ac- 
curate values  of  optical  constants  were  obtained  for  thin  films  of  phosphors  deposited 
on  a thick  substrate.  These  values  were  obtained  from  a set  of  classical  oscillator  pa- 
rameters used  to  fit  both  the  reflectance  and  transmittance.  The  thickness  of  the  thin 
films  were  also  precisely  determined,  since  the  thickness  was  also  an  input  parameter 

The  bandgap  of  the  amorphous  cerium  doped  calcium  thiogallate  thin  films  de- 
posited on  a glass  substrate  is  4.08  eV,  which  is  very  close  to  that  of  the  bulk  crystals. 
The  bandgap  of  the  amorphous  thin  films  is  3.61  eV,  which  is  lower  than  that  of  the 
polycrystalline  thin  films  and  led  to  a higher  refractive  index  of  2.16  for  the  amor- 
phous thin  films.  Sharp  vibrational  features  were  observed  for  the  polycrystalline  thin 
films  which  indicated  good  long  range  order  of  the  atoms.  In  addition  to  the  breadth 
of  the  features  observed,  amorphous  thin  films  had  fewer  phonon  modes  as  compared 
to  the  polycrystalline  thin  films.  The  calculated  reflectances  of  the  polycrystalline 
thiogallate  thin  films  were  higher  than  the  measured  reflectances.  This  difference  be- 
tween the  measured  and  the  calculated  values  is  a result  of  scattering,  due  to  surface 
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thiogailatc  thin  films,  the  reflectance  and  transmittance  of  the  substrate  and  the 
intermediate  layers  (ITO,  ATO  and  ZnS)  were  measured  and  the  optical  constants 
were  determined.  The  bandgap  of  the  substrate,  which  is  Coming  7059  glass,  was 
determined  from  the  reflectance  and  transmittance  spectra  and  found  to  be  4.40  eV. 
The  bottom  electrode,  ITO,  had  a bandgap  of  4.22  eV.  The  high  reflectance  in  the 
far  infrared  region  for  the  ITO  films  indicate  the  presence  of  free  carriers  in  this  layer. 
ATO,  which  is  the  insulator,  had  a bandgap  which  was  much  higher  than  the  bandgap 
of  the  substrate.  The  far  infrared  region  of  ATO  was  dominated  by  phonon  modes. 
It  was  observed  that  the  far  infrared  properties  of  the  thin  film  device  structure  was 
dominated  by  ITO  and  the  band  gap  was  determined  by  the  CicCaGajS*  thin  films, 

ZnS  layer  in  the  TFEL  device  structure  had  a thickness  of  30  A,  and  these  layers 
help  nucleate  the  growth  of  the  polycrystalline  phosphor  layer.  Thin  films  of  ZnS 

study  was  higher  than  the  bandgap  reported  in  the  literature  for  ZnS,  (3.6  eV  for 
Zinc  blende  and  3.7  for  wurtzite).  One  reason  for  the  lower  bandgap  reported  was 
due  to  the  calculation  of  bandgap  from  a by  these  investigators.  A better  value  for 
the  bandgap  is  obtained  by  taking  ( ahv )*  as  the  ordinate.  A lower  value  for  the 
bandgap  of  ZnS  was  obtained  by  plotting  a as  the  ordinate,  as  shown  in  Fig.  7.16(a). 

The  bandgap  of  the  SrS:CeFs  thin  films  deposited  on  glass  substrate  were  deter- 
mined to  be  4.36  eV,  which  is  similar  to  that  of  the  SrS  single  crystals,  reported  by 
Kaneko  ct.al.(4.28  eV).  This  is  because  when  cerium  centers  were  doped  in  the  SrS 
lattice,  the  4f  ground  state  level  lice  in  the  forbidden  gap  and  the  5d  excited  states 
were  fairly  dose  to  the  conduction  band  minimum  at  the  X point.  Hence  doping  SrS 
with  cerium  centers  did  not  alter  the  bandgap  of  strontium  sulphide. 
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cal  properties  of  Ce:SrS  deposited  on  a silicon  substrate 
before  and  after  annealing  were  determined.  The  sharp  vibrational  feature  of  the 
annealed  films  showed  that  there  is  long  range  crystalline  order  in  the  annealed  films. 
A shift  in  the  phonon  mode  of  the  annealed  thin  films  towards  higher  frequency  region 
was  observed  which  shows  that  they  have  a higher  degree  of  orientation  of  the  SrS 
grains,  compared  to  the  as  deposited  thin  films.  FVom  the  absorption  studies  of  the 
multilayered  structure,  ZnS/SrS-.Ce/glass,  the  bandgap  was  33,000  cm”1  (4.08  eV) 
which  is  determined  by  ZnS. 

For  a single  layer  of  thin  film  on  a glass  substrate,  the  calculated  reflectance 

transmittance.  The  fringe  spacing  of  the  calculated  spectra  and  the  measured  spec- 
tra vac  in  good  agreement,  for  the  multi-layered  structure  which  showed  that  the 
thickness  assumed  for  the  various  layers  were  accurate.  But  the  calculated  spectra  de- 
viated slightly  from  the  measured  spectra,  due  to  the  fact  that  the  fit  used  an  abrupt 
interface  model.  A better  fit  needs  additional  spatial  variation  near  the  interface. 
The  difference  between  the  calculated  reflectance  and  the  measured  reflectance  is  a 
function  of  the  absorption  at  the  interface  between  the  different  layers. 

The  model  was  successful  in  calculating  the  bandgap  of  the  device  struc- 
ture consisting  of  layered  thin  films.  For  the  case  of  the  multilayered  structure, 
ZnS/lTO/Glass  shown  in  Fig.  7.19,  initial  calculation  for  the  bandgap  would  lead 
to  erroneous  results  (3.47  eV),  since  the  transmittance  is  very  much  decreased  by 
scattering  arising  from  surface  roughness.  Since  the  optical  properties  of  each  layer 
constituting  the  structure  is  known,  we  were  able  to  obtain  a better  value  for  the 
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OPTICAL  PROPERTIES  OF  LiAlOj  and  LiGaOa. 

Appendix  A describes  the  experimental  studies  on  the  infrared  optical  properties 
of  two  perovskite  materials:  LiA102  and  LiGa02-  IdAlOs  and  LiGa02  are  possi- 
ble substrates  for  depositing  thin  films  of  gallium  nitride  (GaN).  Room-temperature 

30  cm-'  to  45000  cm-1  (4  moV-5.58  eV). 

One  of  the  main  difficulties  in  developing  GaN  as  an  electronic  material,  is  the 

strate  for  GaN  was  concentrated  on  sapphire  and  silicon  carbide-  Recently  alternative 
substrates  such  as  LiGaOj  and  LiAlOg  have  been  suggested  and  initial  growth  ex- 
periments on  them  have  been  carried  out.  ,IM  LiGaOs  is  closely  lattice  matched  to 
GaN,  having  a mismatch  of  less  than  1%  in  the  basal  plane  lattice  constant  a. 

LiGaOj  is  a piezoelectric  crystal  with  16  atoms  per  unit  cell,  which  crystallizes  in 
the  orthorhombic  system  with  the  unit  cell  parameters:  a — 5.402  A,  b = 6.3726  A and 
c — 5.007  Aand  has  Pna  2i  C8t>  space-group  symmetry.181  Since  there  are  16  atoms 
per  unit  cell,  there  are  45  optical  phonon  modes.  Group  theory  analysis  shows  that  of 
the  45  phonon  modes,  33  are  IR  active  and  12  are  Raman  active.183  It  has  a bandgap 
of  5 eV.  There  arc  four  formula  units  per  unit  cell  and  the  atoms  are  arranged  in  a 
way  that  oxygen  tetrahedra  containing  lithium  and  gallium  atoms  in  the  center  are 
alternately  edge-linked.  Average  interatomic  Ga-0  separation  is  1.948  A and  Li-0 
separation  is  1.985  A. 
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Pig.  A.l  shows  the  projection  of  the  crystal  structure  of  LiGaOz  on  the  ab  plane. 
The  structure  consists  of  an  infinite  three  dimensional  array  of  tetrahedra  having 
only  vertices  in  common.  At  the  vertices,  there  are  oxygen  atoms  and  at  the  centers 
gallium  and  lithium  atoms.  Each  oxygen  is  shared  among  four  tetrahedra,  two  gal- 
lium centered  and  two  lithium  centered.  The  same  scheme  would  be  obtained  if  the 
tetrahedra  were  drawn  by  putting  the  gallium  and  lithium  atoms  at  the  vertices,  and 

Fig.  A.2  and  Fig.  A.3  show  the  reflectance  and  transmittance  of  a 0.05cm  thidc 
LiGaOs  crystal  in  the  far  infrared  region,  for  light  polarized  parallel  to  a and  b axis 
respectively.  Below  200  cm-1  fringes  appear  due  to  multiple  internal  reflectance.  Be- 
tween 200  cm-1  and  800  cm-1,  the  crystal  is  opaque,  and  the  reflectance  is  dominated 

obtain  the  optical  constants  in  the  region  of  high  absorption,  where  there  is  no  trans- 
mittance. In  the  region  of  low  absorption,  the  optical  constants  were  obtained  by 
the  inversion  of  the  equations  for  reflectance  and  transmittance.  A Lorentz  oscillator 
model  was  used  to  fit  the  measured  data  to  the  model  function.  Table.  A.l  shows 
the  parameters  of  the  Lorentz  fit  to  the  reflectance,  and  the  LO  and  TO  phonon 

Fig.  A.4  shows  the  real  part  of  complex  conductivity  of  LiGaOz  crystal  in  the 
far  infrared  region,  for  light  polarized  parallel  to  a and  b axis  respectively.  Low 
frequency  phonon  modes  arc  made  up  of  heavier  atoms  and  high  frequency  modes 
are  made  up  of  lighter  atoms.  The  infrared  spectrum  of  LiGaOz  has  10  well  defined 
phonon  modes  for  light  polarized  parallel  to  the  a axis,  and  11  well  defined  phonon 
modes  for  light  polarized  parallel  to  b axis.  This  shows  the  correct  classification  of 
the  phonon  modes  into  the  symmetry  species.  Lithium  being  lighter  than  gallium, 
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rs  of  Lorentz  fit  to  the  reflectance  of  LiGaOi- 


(cm-)  (cm-)  (cm-)  (cm-)  (cm-) 


640  657  2.5  657  706 


>u  modes  observed  between  400  cm-1  and  550  cm-1  were  the  stretching  of  the 
cm-'  were  the  bending  of  the  Li-O-Ga  bonds. 


ad  below  400  . 


ISO 

Fig-  A.5  shows  the  real  part  of  complex  dielectric  function  of  LiGaOz  crystal 
in  the  far  infrared  region,  for  light  polarized  parallel  to  a and  b axis  respectively. 
Static  dielectric  constant  for  light  polarized  parallel  to  a and  b axis  were  7.5  and  6.4 
respectively. 

LAIO2  crystallizes  in  the  tetragonal  structure  with  lattice  parameters  a = b = 
5.1687  A and  c = 6.2679  A.  The  projection  of  the  crystal  structure  on  the  ac  plane  is 
shown  in  Fig.  A.6.  Group  theory  analysis  shows  that  there  are  45  phonon  modes  of 
which  28  are  IR  active  and  17  are  Raman  active.  The  crystal  structure  of  LiAlOj  is 
very  similar  to  that  of  LiGaO],  with  each  oxygen  atom  sharing  four  tetrahedra,  two 
gallium  centered  and  two  aluminium  centered. 

Fig.  A.7  and  Fig.A  .8  show  the  reflectance  and  transmittance  of  a 0.05  cm  thick 
UAIO2  crystal  in  the  far  infrared  region,  for  light  polarized  parallel  and  perpendic- 
ular to  c axis  respectively.  Below  200  cm"1  fringes  appear  due  to  multiple  internal 
reflectance.  Between  200  cm"1  and  1,000  cm"1,  the  reflectance  is  dominated  by 
phonon  modes. 

Fig.  A.9  shows  the  real  part  of  complex  conductivity  of  I4AIO2  crystal  in  the  far 
infrared  region,  for  light  polarized  parallel  and  perpendicular  to  c axis  respectively. 
Lithium  being  lighter  than  aluminium,  the  phonon  modes  observed  above  650  cm"1 
were  the  stretching  of  the  Li-0  bonds,  the  phonon  modes  observed  between  450  cm"1 
and  650  cm"1  were  the  stretching  of  the  Ga-0  bonds  and  below  450  cm"1  were  the 
bending  of  the  Li-O-Al  bonds.  Table.  A.2  shows  the  parameters  of  the  Lorentz  fit  to 
the  reflectance,  and  the  LO  and  TO  phonon  frequencies  of  LiAK>2  crystals. 

Fig.  A. 10  shows  the  real  part  of  complex  dielectric  function  of  LiA102  crystal  in 
the  far  infrared  region,  for  light  polarized  parallel  to  a and  b axis  respectively.  Static 
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Table.  A.2.  Parameters  of  Lorentz  fit  to  the  reflectance  of  LiAlO'i- 


LiAlOr 


Thickness=0.05  cm 


(cm-1)  (cm-1)  (cm-1) 

60  191  2 

285  277  8 

340  322  3.5 

280  361  3 

300  446  4.5 

420  536  10 

250  673  30 

700  799  9 

100  843  10 

191.5  276  2 

350  473  40 

404  510  6 

480  636  12 

630  780.5  5 


322  339 
361  387 
446  468 
536  602 
673  679 
799  841 
843  939 
276  283.5 
473  486.5 
510  539.5 
636  681 
780.5  933 


c constant  for  light  polarized  parallel  and 
respectively. 
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Fig.  A.l.  Projection  of  the  crystal  structure  of  LiGa02  in  the  ab  plane. 
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region,  (or  light  polarized  parallel  to  a and  b axis  respectively. 
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Fig.  A.3.  Transmittance  of  a 0.05  cm  thick  LiGa02  crystal  in  the  far  infrared 
region,  for  light  polarized  parallel  to  a and  b axis. 
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Fig.  A.4.  Real  part  of  complex  conductivity  of  LiGa02  crystal  in  the  far 
infrared  region,  for  light  polarized  parallel  to  a and  b axis  respectively. 
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Fig.  A.5.  Real  part  of  complex  dielectric  function  of  LiGa02  crystal  in  the  far 
infrared  region,  for  light  polarized  parallel  to  a and  b axis  respectively. 
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Fig.  A.6.  Projection  of  the  crystal  structure  of  LiAlOs  in  the  ac  plane. 
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Fig.  A.7.  Reflectance  of  a 0.05  cm  thick  LiAlOr  crystal  in  the  far  infrared 
region,  for  light  polarised  parallel  and  perpendicular  to  c axis  respectively. 
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Fig.  A.8.  Transmittance  of  a 0.05  cm  thick  L1AIO2  crystal  in  the  far  infrared 
region,  for  light  polarised  parallel  and  perpendicular  to  c axis  respectively. 
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Fig.  A.10.  Real  part  of  complex  dielectric  function  of  LiAlOj  crystal  in  the 
far  infrared  region,  for  light  polarized  parallel  to  a and  b axis  respectively. 
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OPTICAL  PROPERTIES  OF  MANGANESE  DOPED  ZINC  SULPHIDE 

Manganese  doped  zinc  sulphide  (Mn:ZnS)  is  one  of  the  most  studied  materials 
for  flat  panel  displays.  ZnS  is  a semiconductor  suitable  to  be  used  as  host  matrix  for 
a large  variety  of  dopants  because  of  its  wide  energy  bandgap.  The  optical  properties 
of  ZnS  was  discussed  in  Chapter  VII.  MmZnS  is  the  most  common  light-emitting 
material  in  thin  film  electroluminescent  displays.  Appendix  B presents  optical  prop- 
erties of  thin  films  of  MmZnS  deposited  on  Coming  7059  glass  substrate.  The  optical 
properties  of  Coming  7059  glass  was  discussed  in  Chapter  Vn.  MOCVD  grown  thin 
films  of  MmZnS  on  glass  substrates  were  prepared  at  the  University  of  Florida. 

Manganese  is  the  most  suitable  center  for  ZnS,  and  fulfills  all  the  requirements  as  a 

upto  complete  miscibility.183,164  It  has  input  excitability  with  large  cross  section  and 
inner  shell  transitions  well  shielded  against  electric  fields.  Mu"4'  substitutes  for  the 
Zu14  in  the  ZnS  lattice,  and  is  isovalent. 

The  reflectance  and  transmittance  of  MmZnS  were  measured  from  30  cm'1  to 
48,000  cm-1.  Fig.  B.l  shows  the  experimental  reflectance  and  transmittance  of 
0.96  pm  thick  MmZnS  film  deposited  on  glass  substrate  and  the  fits  to  the  mea- 
sured data.  Above  2,000  cm"1  fringes  appear  due  to  multiple  internal  reflectance 
from  the  front  and  back  surface  of  the  film. 

MmZnS  in  the  far  infrared  region.  The  TO  and  LO  phonon  frequencies  of  thin  films 
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of  MmZnS  were  273  cm-1  and  349  cm-1,  respectively.  The  TO  phonon  frequency 
of  MmZnS  were  the  same  as  that  of  ZnS.  But  the  LO  phonon  frequency  was  slightly 
higher  for  MmZnS,  compared  to  that  for  ZnS  (349  cm-1  versus  345  cm-1).  This  close 
similarity  of  the  LO  and  TO  phonon  frequencies  of  ZnS  and  Mn:ZnS  shows  that  there 
is  not  much  stress  developed  in  the  thin  films  due  to  doping  with  manganese.  This  is 
because  Mn2+  fulfills  all  the  requirements  as  a luminescent  center  for  ZnS.  Table.  B.l 
shows  the  oscillator  parameters  to  the  Lorentz  fit  of  reflectance  and  transmittance 
and  the  LO  and  TO  phonon  frequencies. 


Table.  B.l.  Parameters  of  oscillator  fit  to  the  reflectance  and  transmittance 
of  thin  films  of  MmZnS  deposited  on  glass  substrate. 


Oscillators  v,f  uf  (“To)  7>  “IO 

(cm-')  (cm-')  (cm-1)  (cm-») 

520  271  10  349 

3.000  31,000  1,000 

5.000  35,000  4,388 

12.000  40,000  9,117 


Thickness  of  Mn:ZnS=0.96  pm. 


Fig.  B.3  shows  the  refractive  index  and  extinction  coefficient  in  the  visible  re* 
gion  of  MmZnS.  Refractive  index  and  extinction  coefficient  are  2.26  and  0.00178  at 

10,000  cm-'  and  2.304  and  0.0167  at  25,000  cm"1  respectively. 

Since  MmZnS  is  a direct  bandgap  material,  extrapolation  of  (ahv)'1  to  zero,  gives 
which  was  determined  at  30,000  cm~'  (3.72  eV).  The  bandgap  of  the 


the  bandgap 


vhich  was  discussed  in  Chapter  VII.  The  lo 


unoccupied  molecular  orbital  for  cubic  ZnS  atoms  is  from  the  4s  orbitals  and  the 
highest  occupied  molecular  orbital  is  from  the  3p  orbitals  of  the  sulphur  atoms.  Man- 
ganese as  a substitutional  dopant  in  ZnS  and  with  d5  configuration  is  in  the  same 
state  of  ionization  (+2)  as  zinc  with  d10  configuration.  Substitution  of  Mn  in  ZnS 
give  rise  to  interactions  between  s-d  (zinc-manganese)  and  p-d  (sulphur-manganese), 
which  results  in  an  exchange  interaction  potential,  and  this  potential  is  a perturbation 

Substitution  of  manganese  in  ZnS  changes  the  bandgap,  which  is  consistent  with 
the  results  reported.1®6"168  The  observed  shift  in  bandgap  is  due  to  the  change  in 
eigenvalues  as  a result  of  the  perturbation  potential.  The  bandgap  of  Mn:ZnS  should 
decrease  with  an  increase  in  manganese  concentration,  because  the  bandgap  of  ZnS 
is  higher  than  that  of  MnS.  But  a higher  value  for  the  bangap,  relative  to  that  of  ZnS 
was  reported.164 

In  the  present  study,  by  using  a better  approach  to  calculate  the  bandgap,  which 
was  discussed  in  Chapter  III,  we  noticed  that  the  bandgap  actually  decreased  when 
ZnS  was  doped  with  manganese,  as  expected.  This  is  shown  in  Fig.  B.4  where  (orfcl/)2 
is  plotted  as  a function  of  the  incident  photon  energy. 

The  photolumiuesccnce  of  Mn:ZnS  was  measured  by  using  the  Microscope  Pho- 

of  excitation  wavelength  was  chosen  at  465  nm.  Fig.  B.5  shows  the  photoexcitation 
and  emission  spectra  of  MniZnS  deposited  on  a silicon  substrate.  The  yellow  peak 
seen  in  the  emission  spectra  is  due  to  the  radiative  transition  from  the  47i  - 6 Ai 
energy  levels  of  the  manganese  ion.  Studies  done  on  cubic  Mn:ZnS169  and  hexagonal 
Mn:ZnS170  show  emission  peaks  at  585  um  and  580  nm  respectively. 
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Fig.  B.l.  Room  temperature  transmittance,  reflectance  and  fits  to  the  exper- 
imental data  of  Mn:ZnS  deposited  on  glass  substrate. 
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Fig.  B.2.  Complex  dielectric  function  and  complex  conductivity  of  Mn:ZnS 
in  the  far  infrared  region. 
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Fig.  B.3.  Refractive  index  and  ext 
Mu:ZnS. 
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Fig.  B.4.  (ofii/)2  os  a function  of  pha 
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Fig.  B.5.  Photo 


; spectra  of  Mn:ZnS  when  excited  with  blue  light. 
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